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Abstract 
An interior lodgepole pine stand level height growth and site index model is 
developed using stochastic differential equations and state-space approaches. 
Two data types, stem analysis and permanent sample plots were used. Four 
formulations of the Bertalanffy/Richards growth equation were evaluated us-
ing the EasySDE program. Data was partitioned based on data type, stand 
origin and combinations thereof. The best model was identified using max-
imum likelihood, and differences among data types and stand origins were 
evaluated for using likelihood ratio tests. A Power formulation was found to 
be statistically superior for all data types and origins. Combining the Stem 
Analysis and Permanent Sample Plot data in such a way that their respective 
variance structures was accommodated in parameter estimation was signif-
icantly better than the individual and origin specific runs, even though this 
increased the number of parameters. The resultant model was compared to 
the existing provincial model and differences were observed. 
Keywords: Pinus contorta var. latifolia, Site Index, Bertalanffy, Richards, 
Stand level, Height Growth, Top Height, Permanent Sample Plot, Stem Anal-
ysis 
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Chapter 1 
Introduction 
1.1 Background 
The escalating demands placed on aging forest inventories and young stands 
in British Columbia by the current mountain pine beetle outbreak (MPB), 
subsequent salvage levels and emerging biomass industry suggests that now 
is an opportune time to further quantify and inform the height development 
of both managed and natural stands of interior lodgepole pine (Pinus contorta 
var. latifolia englm.) (PL) that occupy the sub-boreal spruce (SBS) biogeocli-
matic zone (Meidinger and Pojar 1991) of the British Columbia (BC) interior. 
The first steps in this task are in the better understanding and development 
of height-growth or site-index models (Carmean 1975, Garcia 1983, Clutter 
etal. 1992, Vanclay 1999). 
Current site index models1 in British Columbia are based on stem analy-
sis data only. My contribution to the development of PL site-index models in 
the SBS is both to complement stem analysis data through the inclusion of 
permanent sample plot data to create a combined stem-analysis and perma-
nent sample plot data model, and the use of stochastic differential equations 
1
 Default curves used by the Ministry of Forests 
1 
(SDEs) that characterize the state-space approaches to whole stand model-
ing for PL in British Columbia (Garcia 2000, 2005). Although this approach 
has been undertaken for interior spruce by Hu and Garcia (2010) within this 
same biogeoclimatic zone, this research seeks to further the development of 
site index models specifically for use in interior forests of PL within the SBS 
biogeoclimatic zone spanning the interior of British Columbia (BC). 
The two sources of data were supplied by the Ministry of Forests and Range 
- Terrestrial Information Branch which provided data from the provincial per-
manent sample plot database, and The Ministry of Forests and Range - Forest 
Science Division which supplied the Stem Analysis (SA) and Experimental Plot 
(EP) data sets that were used in the creation of the model. 
The provincial permanent sample plots and EPs are both Permanent Sam-
ple Plots (PSP) and were run in various arrangements based on sampling 
method and stand origin (natural or planted) along with the SA data through 
four different versions of the Bertalanffy/Richards growth model. Provisional 
to satisfactory results for the initial stand origin partitions within PSP and SA 
specific runs was the merging of PSP and SA data sets and the running of this 
'joined' data through the four model forms in one of two fashions. One ap-
proach that simply pooled the PSP and SA data and another that accounted 
for differences in error structure between the two sampling methods which 
attempted to determine both the most suitable model form and data com-
position following the methods discussed largely in Garcia (2005), Salas and 
Garcia (2006) and Hu and Garcia (2010), detailed herein. 
1.2 Goals and Organization 
The goal of this thesis was to use the available PL data within the SBS to 
create a series of site index curves. These curves were created using a pre-
existing program (EasySDE) and were run using four formulations of the 
2 
Bertalanffy/Richards growth model. They were also evaluated to enable the 
selection of the best form of the model and data joining structure. Compar-
isons of the best formulation to the existing provincial curves provided an 
opportunity for discussion and finally some conclusions as to the findings of 
this work, including a summary of my contributions and practical opportuni-
ties in resource management. 
The structure of this document is as follows, Chapter One is an Introduc-
tory Background section, Chapter Two is a Literature Review, Chapter Three 
details the Data Activities, Chapter Four presents the Methods , Chapter Five 
contains the Results , and finally Chapter's Six and Seven are the Discussion 
and Conclusion sections respectively. 
3 
Chapter 2 
Literature Review 
2.1 Species Details 
Growing throughout the plateaus, river basins and foothills of interior BC, 
lodgepole pine (Pinus contorta var. latifolia) is a relatively recent commercial 
lumber species that historically was passed over in favor of the larger log sizes 
and superior lumber qualities of spruce and Douglas-fir on the more populous 
southern coast. Interior PL was largely inaccessible on an industrial scale 
prior to the 1940s due to a lack of industrial infrastructure (Armit 1966). 
The natural distribution of PL spans most of BC, as can be seen in Figure 
2.1. A result of this considerable geographic distribution is the fact that PL 
has become an increasingly important species in the lumber market over the 
latter half of the 1900s and continuing into this century. Currently, it is 
one of the most economically important species in this province. In 2001/02 
PL accounted for 22,102,000 m3 or approximately 32 % of BC's harvest1. In 
this same year 90,493,000 PL trees were planted, with spruce being a distant 
second at 66,669,000 seedlings (British Columbia Ministry of Forests 2002). 
Despite recent and historic Mountain Pine Beetle (MPB) infestations PL 
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Figure 2.1: Distribution of interior lodgepole pine in BC (Burns and Honkala 
1990). 
has not fallen out of silvicultural favor consequently there remains an abun-
dance of natural and artificial regenerating PL stands throughout the inte-
rior of BC. In the years since 2001/02, harvest of PL was the highest it 
has ever been as a result of this most recent MPB outbreak, whose subse-
quent salvage harvest rates have been curtailed only recently due to declining 
global economic conditions. Pine planting has increased considerably in the 
wake of the MPB outbreak, peaking at approximately 120,330,000 seedlings 
in 2007/08, with roughly 113,255,000 PL seedlings being planted in 2008/09 
(British Columbia Forest Practices Branch 2009). Interestingly, even consid-
ering the 2008/09 planting of over 75,535,000 seedlings, spruce has not seen 
an increase equivalent to that of PL for the same period (British Columbia 
Forest Practices Branch 2009). This ongoing silvicultural preference for PL 
demonstrates the need for informed management to ensure both mid-term 
timber supply and future silvicultural management regimes are optimized for 
this dominant timber species. 
Given the current and projected extent of MPB infestation (visible in Figure 
2.2) it is clear that the interior of BC is experiencing the highest intensity of 
PL mortality, resultant salvage harvesting and subsequent planting that this 
province has ever experienced. In the most recent MPB projection it is stated 
that, as of 2009, the beetle epidemic has affected over 8 million hectares 
(«640 million m3) within BC alone and this area is anticipated to expand 
(Walton 2010). Even more reason to have available the necessary tools to 
ensure our provincial forest is managed responsibly. Whether PL forests are 
managed for the traditional lumber market, an emerging bioenergy sector or 
for their intrinsic forest values, the ability to determine the productivity and 
forecast height development of a stand of PL is imperative if we are to ensure 
good management of this species. 
The Sub-Boreal Spruce (SBS) biogeoclimatic zone (BGZ) is indicated by the 
shaded area of Figure 2.3, and extends from the top of Williston Lake, south 
6 
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Figure 2.2: The extent of the current mountain pine beetle epidemic (Walton 
2010). 
to Kamloops, and from Houston east to the Alberta border. The area covered 
by the SBS zone is vast, spanning a considerable range of environmental and 
geographic conditions (Meidinger and Pojar 1991, Demarchi 1996) over its 
10 million hectares. 
2.2 Review of Sampling Methods 
Two sampling methods were employed in the data collection. Both required 
separate data pre-processing methods to develop reliable models. PSP's were 
composed of both the provincial growth and yield PSP's and the experimental 
plots (so called EP's). The EPs were permanent research plots established for 
7 
Figure 2.3: Shaded area represents the extent of the sub-boreal spruce bio-
geoclimatic zone (Meidinger and Pojar 1991). 
espacement, thinning or other silvicultural research; whereas the provincial 
permanent sample plot program was established to support growth and yield 
research of largely natural stands (British Columbia Ministry of Sustainable 
Resources Management 2003). The provincial PSP data has been limited in its 
use to the evaluation of the current height growth models (British Columbia 
Ministry of Sustainable Resources Management 2003). 
The second set of data that was used is the stem analysis (SA) data, com-
prised of both node and section sampled data. Stem analysis data has formed 
the foundation of BC site index model building data to date. In BC, the combi-
8 
nation of these two sampling methodologies for the creation of a height growth 
and site index model for this species is entirely novel. 
Each sampling method has its respective strengths and weaknesses. I will 
first briefly characterize those of the PSP and follow this with the SA. 
2.2.1 Permanent Sample Plots (PSP) 
PSP data is the only data that (i) allows satisfactory statistical comparisons 
within and between plots to check the adequacy of models, and (ii) provides 
reliable and consistent data on mortality, crown dynamics and stand level 
variables (Vanclay 1999, British Columbia Ministry of Sustainable Resources 
Management 2003). It is also the best for height-growth model development 
based on earlier works by Ker (1952) and Spurr (1963). More recently, Hu and 
Garcia (2010) used PSP data2 for their interior spruce site index model. They 
are typically measured every 10 years in British Columbia (for some of the 
older plots this varied between 2 and 15 years). Trees for height and age (at 
1.3 m, occasionally 0.3 m) are sub-sampled out of the entire plot population 
for which diameter at breast-height (DBH) is measured. The height sample 
trees are chosen as per Ministry of Forests specification to cover a range of 
crown classes and stem sizes (British Columbia Ministry of Sustainable Re-
sources Management 2003). Age sample trees are selected to represent the 
dominant and co-dominant trees (British Columbia Ministry of Sustainable 
Resources Management 2003). Interestingly, the provincial permanent sam-
ple plot program did not have site index curve development as one of its four 
listed reasons to collect PSP data. The so-called Natural Stand Permanent 
Samples were established to measure rates of growth, mortality, change in 
stand structure, and stand development (British Columbia Ministry of Sus-
2In conjunction with SA methods as well 
9 
tainable Resources Management 2003)3. One major benefit PSP data offers 
is the ability to track the variation in stand composition and individual tree 
dominance over time. Something that cannot be done with the SA data as 
sampled. 
Drawbacks of the PSP data include increased possibility for measurement 
error.4 This source of statistical error most often presents as variability in 
height measurement and sampling (e.g. Height-dbh curves). Whereas both 
PSP and SA are subject to direct mis-measurement and not detecting dis-
ease (and its signs or symptoms) in the stand. These sources of error can be 
understood to be quality related measurement 'blunders' or mistakes. Addi-
tionally, both the PSP and EP are long-term remeasured datasets and have 
had a variety of measurement protocols applied over time, thereby making 
the reconstruction of a height age pair all the more challenging. 
2.2.2 Stem Analysis (SA) 
Stem analysis forms the majority of the current provincial site index model 
construction data (Nigh 2000). This had originally been done as an in-
terim measure until suitable PSP re-measurement data existed (Thrower et at 
1994). The data is gathered through the selection and falling of suitable trees. 
These are then sectioned at intervals along the bole of the tree, annual rings 
are counted and often a ring-count correction is applied, either in the meth-
ods specified by Carmean (1975) or as in this case by subtracting 0.5 years 
from the ring counts from breast-height upwards. In the case of node sam-
pled data these sections are split longitudinally and exact bud internodes are 
measured directly, as pictured in Figure 2.4. This detailed deconstruction 
of a trees' height growth history provides a much higher resolution of height 
3With data collected to develop growth and yield models, validate site index curves, and to 
provide a basis for further scientific studies. 
4Most likely in the height samples but can also occur in diameter and age samples 
10 
Figure 2.4: Bottom portion of a node stem-analyzed spruce tree. Arrows 
indicate annual terminal bud scars. Photo courtesy of Gordon Nigh. 
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growth over time compared to the section and PSP data. 
Stem analysis can provide very detailed growth histories of the selected 
trees. However, this can only be done once for a given site within a stand. 
The sample trees are selected according to current diameter measurement 
and relative position in the canopy. This does not account for past vigor or 
position in the stand (Ker 1952, Carmean 1975, Hagglund 1981, Magnussen 
and Penner 1996). The fact that the trees and stands selected at the time of 
the sample may not have been exhibiting the desired selection characteristics 
prior to being felled has been acknowledged repeatedly over the years (Dahms 
1963, Spurr 1963, Magnussen and Penner 1996, Nigh and Love 1999, Garcia 
2005). Current SA standards are further specified by the Forest Productivity 
Council of BC (FPC) (Nigh 2000). Additionally, when not split longitudinally, 
the lateral section rarely occurs at an old tip (bud scar) (Dyer and Bailey 1987, 
Milner 1992, Nigh and Love 1999) corrections for this reality are presented 
in Section 4.2. 
2.3 Heights 
2.3.1 Top Height Estimation 
Top height is one of the two fundamental measures required for height-based 
site quality determination. Top height is distinguished from mean height by 
the virtue that it is calculated using only a number of the largest or tallest 
trees in a given area. The measure of top height is preferred over mean height 
for height growth modeling due to the fact that mean height is considerably 
more sensitive to silvicultural activities (such as thinnings) than top height 
and therefore cannot reasonably accommodate density management activ-
ities (Spurr 1952, Hagglund 1981, Garcia 1998). It is for this reason that 
researchers utilize the measure of top-height (Assmann 1970, Rennolls 1978, 
12 
Forest Productivity Council 1998a,b, Garcia 1998, Magnussen 1999). 
In BC, top-height is formally defined by the Forest Productivity Council 
(FPC) as the height of the largest suitable tree in a 0.01 ha plot5 (Forest Pro-
ductivity Council 1998b); it contains no specification for plot shape, and is 
subject to some bias when based on a different plot size (Magnussen 1989, 
Garcia 1998, Magnussen 1999, Garcia 2005). It is important to recognize 
that the trees used for top height determination can change over time, as long 
as at the time of sampling they meet the criteria for suitability. 
The methods employed in estimating top height from the data can have se-
rious ramifications on the final numerical products of a model. Any error or 
bias introduced at this stage will have cascading effects throughout the sub-
sequent model parameterization and can be amplified in aggregation to any 
forest estate or timber supply modelling. Thus, the chosen methods should 
be a justified balance of both precision and accuracy. 
Six top height estimation methods were examined in Garcia and Batho 
(2005). Only three of which are suitable for use with no spatial referencing 
in the data: Conventional, Adjusted and U-Estimator. All the estimators ex-
amined by Garcia and Batho (2005) are illustrated in Figure 2.5 and briefly 
explained below. 
• Subplot: The subplot method uses a sub plot of 1 Are in which the 
largest tree (by diameter) is selected. Its height is taken as top-height. 
This is the method defined by FPC of BC. 
• Sector: In the sector method the plot is divided into A sectors for each 
A Ares of plot size. The heights of the fattest trees within each sector are 
averaged to provide top-height. This is the current method for PSPs. 
• Conventional: Ignoring the sectors, select A fattest trees in A ares and 
5This reference to 0.01 or one one-hundredth of a hectare is somewhat absurd, in this text 
this area is referred to it as an Are. 
13 
Figure 2.5: The different representations of top-height in a four Are plot, 
averaging their heights provides top-height. 
• Adjusted: This method utilizes the average of some number 1.6A — 0.6 of 
the largest trees. 
• U-Estimator: Mathematical calculation utilizing all possible combina-
tions of 1/A sets of trees, and averaging the tallest tree of all the possible 
subsets provides top-height. 
The U-estimator was found by Garcia and Batho (2005) to be the estimator 
of preference for this project as it provided the most precise estimation of top-
height. This estimator was also successfully used in an interior spruce model 
for this same biogeoclimatic zone by Hu and Garcia (2010). Due to a lack 
of spatially explicit subplots the subplot top height estimator could not be 
employed (Garcia and Batho 2005). 
14 
2.4 Ages 
Seeming a simple topic at first, the definitions and values of age must be 
made clear. The three critical definitions of age for this research are that 
of stand age, breast height age and what constitutes an even-aged stand. 
These three age related issues, the determination of a stand age from total 
or breast-height age, and the definition of what range in age constitutes an 
even-aged stand, have historically been subject to a great deal of discussion. 
These metrics have differing effects on the outcomes and applicability of the 
resultant site index model. 
2.4.1 Breast Height, Stand, and Total Age 
Breast-height age can be obtained in one of three ways: i) with the use of 
an increment borer at some standardized height6, as is the case with the PSP 
data (British Columbia Ministry of Sustainable Resources Management 2003) 
and other inventory related data collection in BC (British Columbia Ministry of 
Forests and Range. 2010); ii) or by counting the rings visible (often with the 
assistance of magnification) on a section of the stem made at the reference 
height, as is the case with the section SA data; iii) or by splitting a cross 
sectioned stem and counting the bud scars from the base upward along the 
central 'ring' (pith) up to the reference height as is the case with the node SA 
data. 
Age determination in standing trees is subject to error. Wong and Lertz-
man (2001) identify three potential sources in age determination for studies 
of stand dynamics: i) missing or false rings7, ii) missing the pith8, and iii) 
6breast-height has been denned in BC as 1.3 m above the high side measured parallel to 
the tree bole(British Columbia Ministry of Forests and Range. 2010, p. 63) whereas in other 
jurisdictions breast-height is different i.e. Quebec at 1.0 m (Mailly and Gaudreault 2005, 
p. 106) 
7affects PSP, section SA 
8affects PSP 
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differences in the number of years to achieve the sampling height9. In the 
case of the third, Schreuder et al. (1993) cites a method proposed by Husch 
et al. (1972, p. 68) often used in site index work that employs the average age 
of some number of the largest dominant and co-dominant trees. This age is 
taken at some reference height, which necessarily eliminates the often highly 
variable amount of time required to reach the reference height (Husch 1956, 
Hagglund 1981). Refinements include using some area-bounded and/or size-
defined number of sample trees. More troubling are the first and second er-
rors identified by Wong and Lertzman (2001). False and or missing rings are 
recognized as occurring, but their prevalence cannot be readily determined in 
the PSP data, as a single increment core is used to determine tree age. Their 
existence was presumed to have been noted and accounted for in the section-
SA data. The missing of a pith is noted in the PSP data (British Columbia 
Ministry of Sustainable Resources Management 2003) and is obviously not a 
concern when using section-SA methods. 
It should be apparent that individual tree breast-height ages can still vary 
in planted plots due to tree level influences on early-height growth (i.e. vege-
tation, frost, insects) or the presence of unharvested advanced or natural re-
generation. The differences between these natural or residual trees becomes 
less evident over time. 
The aggregation of some number of selected trees breast-height ages can 
be thought of as 'Stand Age'. As with error in heights, the error in age incurred 
by using a ring count at some fixed height has an effect on the resultant site 
index curve. The magnitude of this error is presumed to be negligible, espe-
cially compared with using whorls or un-magnified increment corer counts, 
but is acknowledged10. 
9
 affects PSP and SA, but not an issue for Breast-Height(BH) age 
10Both the PSP and SA age data incorporated systematic protocols that were either audited, 
as with the PSPs or the age sampling method was such that any error should be relatively 
small, as it was with the SA data. 
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2.4.2 Even-Aged 
Ideally, under even-aged assumptions inherent to the definition of site-index, 
all age sampled trees in a each stand would have exactly the same age. How-
ever, this is most often only possible in planted stands with no natural ingress 
(i.e. likely rare in reality). The ability to distinguish planted from natural trees 
where natural regeneration is present is increasingly difficult as the stand 
ages. In practice there is often a range in ages. This range is 'tolerable' to 
some upper limit, as the definition of site index specifies an even-aged stand 
yet in practice researchers and managers alike are accepting of this deviation 
from this absolute definition, witness Vanclay (1999, p. 280), Husch et al. 
(1972, p. 224) and provincial forest inventory guidelines British Columbia 
Ministry of Sustainable Resources Management (2003). Many definitions of 
what range of ages constitutes an even-aged stand are presented throughout 
the literature. Some are very stringent, requiring a stand's age-range to be 
less than 10 years (Vanclay 1999, p. 280). Other criteria are more relaxed 
considering a 10 to 20 year range as even aged (Husch et al. 1972, p. 334) . 
The age range used in this research was 20 years to maintain compliance with 
the provincial standard (British Columbia Ministry of Sustainable Resources 
Management 2003). 
2.5 Site Index 
As evident in Batho and Garcia (2006), de Perthuis's 1803 'Traite de I'amenagement 
et de la restauration des bois et forets de la France", timberland managers 
were employing height-based methods to quantify site quality over two hun-
dred years ago. In North America, the knowledge and methods of quantifi-
cation were formerly introduced and pioneered for North-American timber-
management by the likes of Roth (1916, 1918), Frothingham (1918), Bruce 
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(1926), Bull (1931), and Parker (1942). In recent history site index work in 
BC has been undertaken by Goudie (1984), Thrower et al. (1994), J.S. Thrower 
and Associates Ltd. (1994), Nigh and Love (1999) and Hu and Garcia (2010), 
all of whom continue to contribute to refinements and localizations of site 
index determination in BC. 
The purpose of developing this set of height growth curves is for inclu-
sion into any larger modeling processes. Height growth models require some 
method of quantifying quality of the site. The subsequent site index model 
is simply the height growth model for a given base age. There is however, a 
considerable range of perspectives on how this is accomplished (Spurr 1952, 
Carmean 1972, Clutter et al. 1992, Kayahara et al. 1995, Vanclay 1999, 
Chen etal. 2002, Klinka and Chen 2003). 
Generally, site quality determination can be divided into either direct or 
indirect methods with indirect methods using phytocentric or geocentric ap-
proaches (Table 7.1 Vanclay 1999, p. 135). Site index, for the purpose of my 
research, is a measure of site productivity as quantified by tree height (indi-
rect phytocentric) at some convenient reference (or base) age. In the case of 
British Columbia, the base age is typically set to 50 years breast-height age 
(Thrower et al. 1994). Implicit to the concept of site index is understanding it 
to be a characteristic of the site and not of a particular stand or tree. Clutter 
et al. (1992, p. 30) indicate that the site quality (what they refer to as 'The 
innate productive capacity of the land area involved") for stands of a given 
species is the second of an identified four factors necessary for determining 
growth and yield of that particular stand. The other three factors being: i) The 
age of the stand or, in the case of uneven-aged stands, the age distribution; 
ii) the extent to which the innate productive capacity has been, and is now, 
fully utilized; and any iv) cultural treatments applied (thinning, fertilization, 
competing vegetation control, etc.) 
Researchers agree that a rigorous estimation of site index is underpinned 
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by the method of top height and stand age determination (Rennolls 1978, 
Clutter et al 1992, Husch et al. 1993, Avery and Burkhart 1994, Magnussen 
1999, Vanclay 1999). The top height development of any stand on a given site, 
at any given time, will not necessarily follow the height-trajectory depicted by 
the site index curve. Re-phrased, top height of the current stand may vary 
from that indicated by the site index curve as a given site may have undergone 
some weather induced retarding or acceleration of height development (i.e. 
snow or ice damage) the effects of which are evident only in the current stand, 
with little effect to any future stands. In Garcia (2005) site index is further 
characterized (and clarified) as being "the most likely top height at a base age 
among any hypothetical stands (of a given species, etc.) that could grow in a 
site." 
2.5.1 Growth Equation 
Several mathematical models, using a variety of parameter estimation tech-
niques, have been successfully employed for top-height growth modeling. The 
proposed model and estimation techniques successfully used in Garcia (1979, 
1980, 1983), Salas and Garcia (2006) and Hu and Garcia (2010) include 
a stochastic expression to accommodate environmental effects along with a 
random measurement-based error. The addition of this expression provides 
the flexibility necessary for an approximation of biological correctness that 
attempts to account for any biases in the data. 
Bertalanffy first presented Equation (2.1) for application in biology (Berta-
lanffy 1938, 1950b). 
d
-^f(H) = nHm-KH. (2.1) 
Where H is Top Height and t is time. With r/, m and K being parameters to 
be estimated. Strangely, the general form of the model he proposed was over-
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looked in favor of the more commonly attributed 2/3 in place of m. Richards 
(1959) is often credited as first providing the general rn form even though it 
was also in Bertalanffy (1938). The model continues to be both significant 
and reliable to this day. In contemporary times, both Pienaar and Turnbull 
(1973) and Zeide (1993) continue to perceive merit in its use and application 
for growth (of basal area and/or height) and yield modeling. 
For the purpose of this paper, Equation 2.1 is referred to as: 
dHc 
— =b{ac-Hc). (2.2) 
Where a, b and c are parameters to be estimated and H represents top 
height. Their values are expressed through the alteration of the growth curve 
behavior (Bertalanffy 1949, 1950a). Richards (1959) proposed the use of this 
model for plant growth, where it was presented in the following form: 
d x
 l - m 
— = rx dt 1 ( ! ) ' (2.3) 
Chapman (1961) then utilized it for fisheries data. I will refer to the 
model as the Bertalanffy-Richards model to maintain consistency with Hu 
and Garcia (2010) and Salas and Garcia (2006). Seber and Wild (1989) char-
acterizes Equation 2.3 as being separable, and as having an explicit solution. 
Both traits are desirable characteristics for its use in growth modeling. 
The utility of Equation 2.2 resides in its flexible sigmoid shape whose 
asymptote, scale, and inflection point can vary through the parameters a, 
b, and c respectively (Seber and Wild 1989, Garcia 1983). Thus, given any 
height-age pair, the integrated form of 2.2 provides the height H at some other 
time t from: 
H = a(l- l - ( ^ ) exp [-6 (*-*„)]} • (2.4) 
Where H0 is the height at at time t0. This formulation has been successfully 
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employed in recent years for generating site index equations by Garcia (1983), 
Garcia and Ruiz (2003), Palahi et al. (2004) and Hu and Garcia (2010). 
As previously noted, sources of error in the data includes field measure-
ment error, environmental variation and autocorrelation. Accounting for en-
vironmental fluctuations detailed in Garcia (1980, 1983) is achieved through 
the inclusion of a stochastic (Weiner) process \Jbaw (t) introduced at the end 
of (2.3), thus forming, 
= b(ac- Hc) + Vbaw (t). (2.5) 
Prior to the data being run through the model, errors in field measurement 
are accounted for as documented in Garcia (1980, 1983) through the following 
hct = Hc (t.) + ameu (2.6) 
with am being the variance inherent to the measurement and et represent-
ing the error term. When using any reference age (base-age), Equation 2.4 
can used to generate site index [S) curves by substituting the reference age 
(in this case 50 years breast-height) for t, and S for H to obtain: 
>. l / c 
exp [- (50 - 0.5) b] i . (2.7) 
Referring to Equations 2.4 and 2.7, the four models that will be examined 
herein are identical to those in Hu and Garcia (2010). One (or more) of either 
a, b or c are allowed to be dependent on site quality, in that they can vary 
across stands (plots) thereby being local' (q). The resultant four model forms 
considered for this research are: 
1. a-local Breast Height - a = q while b and c are global, in that they do 
not vary across stands. The a-local formulation is anamorphic and all 
site index curves are proportional to each other. It is characterized by 
having four global parameters (b, c, am and as) for model runs involving 
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PSP, SA and Pooled PSP/SA data and six global parameters (6, c, am & as 
for PSP, and om & as for SA) for the Combined PSP/SA data. 
2. b-local Breast Height - b = q whereas a and c are global. The b-local is 
commonly called polymorphic, however, as pointed out in Hu and Garcia 
(2010), the resultant curves have a common shape only, in that all site 
curves eventually converge to an upper asymptote a, as dictated by the 
scaling parameter b. It too has four global parameters (a, c, am and as) 
for all but the Combined PSP/SA data, which have six (a, c, am & as for 
PSP, and am & as for SA). 
3. Linear Breast Height - b = q,a = a + /3q. a and /3 are new global parame-
ters, as described in Hu and Garcia (2010). Both the asymptote and time 
scale vary locally with site quality, further flexibility is achieved over the 
preceding forms through the inclusion of an additional parameter. The 
Linear arrangement has five global parameters each for the PSP, SA and 
Pooled data (a, a, [3, am and ag) and seven global parameters (a, a, /?, am 
& as for PSP, and om & as for SA) for the Combined PSP/SA data. 
4. Power Breast Height. - b — q, a = aq13. The Power variant is very similar 
to the Linear model with the same five [a, a, /3, am and as) and seven (a, 
a, (3, am & os for PSP, and am & as for SA) global parameters. 
Further details concerning the variety of models available and their char-
acteristics can be found in the EasySDE help and advanced programing man-
uals (Garcia 2003, 2008) and the references contained therein. 
2.5.2 Parameter Estimation and Model Evaluation 
The four model forms, described above, and various data groupings are being 
evaluated as to which is the preferable for use in PL height development and 
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timber management. The ability to determine, with statistical rigor, the best-
fit model version and data combination is accommodated through the use of 
maximum likelihood statistics. The estimation of the eight model parameters 
[a, b, c, a, cr0, am, t0 and HQ) for each plot in any given data set is simultaneous 
and is characterized by the likelihood function reaching a maximum for that 
particular data combination. 
Estimation 
This estimation approach was first described for this purpose in Garcia (1980) 
and further formalized in Garcia (1983, 2005) and has been employed recently 
by Broad and Lynch (2006), Salas and Garcia (2006), Haywood (2009) and Hu 
and Garcia (2010). Using the negative log likelihood, 
1 n 
- l n L = -^{nln(27r) + ln|C| + ^ 'C"1z-2nln|c | + 2 ( l - c ) J^lnfr,}- t2-8) 
Garcia (1983) indicates that " the estimates were computed through min-
imization of the negative log likelihood, by using a modified Newton method 
with the following form, 
N 
F(9) = ^Fk(6k,00), (2.9) 
fc=i 
where 9 = (#i, ...,6N,90), 6k is the vector of local parameters for Plot k, and 
#0 is the vector of global parameters." In this same paper, Garcia (1983) 
explains that it is impractical to directly apply the Newton-type method as 
a result of the ungainly size of the matrix of the second derivatives (Hessian). 
A numerical solution exploits the special structure of the the matrix, using 
partition and manipulation of the sub-matrices, allowing the computations to 
be arranged and processed in a sequential form, one plot at a time. 
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Evaluation 
The process for evaluating the most suitable model will involve the use of 
the methods cataloged in Garcia (2005), Salas and Garcia (2006), Hu and 
Garcia (2010). Employing the more formal Likelihood Ratio test exploits the 
fact that —2 x InL is x2 distributed and any difference greater than 2 can be 
considered significant. Using a simpler approach, the combined data runs 
can be penalized following Akaike's methods, for additional parameters in the 
Linear and Power models. 
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Chapter 3 
Data Sources 
A comprehensive understanding of the data used in this thesis is necessary 
to have confidence in the products of the site index model. The purpose of 
this chapter is to explain and document the various manipulations that were 
applied in the generation of the site index model input data set. This chapter 
further explains the structure of the four data sources and the processes that 
they affect, and it details the steps required for their use both singularly and 
together in the SI model. 
3.1 Introduction 
The use of repeated measurements is critical to the development of site index 
curves. Two methodologies were used for the acquisition of repeated measure-
ment data for this research, PSP and SA. The PSP data is comprised of the 
provincial permanent sample plots (both planted and natural) and the provin-
cial experimental plots (planted). The SA data contains both section (natural) 
and node (planted) sampled data. The following sections will describe their 
respective differences and similarities. 
25 
3.2 Permanent Sample Plots 
The permanent sample plot is the most valuable source of data in terms of 
accuracy in top height determination over time. Otherwise, it contains the 
same environmental noise as the SA data and lower precision in terms of age. 
It is also subject to greater measurement error.: 
The PSP data was obtained from either the Ministry of Sustainable Re-
sources Management - Terrestrial Information Branch (Provincial PSP pro-
gram) or the Ministry of Forests - Research Branch (EP). Summary statistics 
for the raw PSP data are presented in Tables 3.1 and 3.2. As can be seen for 
the natural PSP data (Figure 3.1) there are quite a number of stands repre-
sented, with a considerable diversity of densities, heights and basal areas. 
Table 3.1: Summary statistics for Natural PSP data. 
507 Natural Plots 
Mean Range Std.Dev 
Main Plot Sizes (ha) 0.068 0.005 - 0.162 0.026 
Main Plot Trees/ha 1982 2 7 7 - 8 7 7 5 1186 
Top height (m) 19.06 2 .57-34 .44 5.58 
Mean height (m) 16.58 2 .33-32 .67 5.34 
Quadratic Mean DBH (cm) 15.13 2 .70-36 .60 4.65 
Main Plot Basal area (m2 /ha) 31.85 0.34 - 68.66 13.28 
The planted PSP data is considerably smaller in sample size and does not 
have quite the same variety of densities and as can be seen in 3.2, it has 
considerably reduced range in of heights and basal areas. 
^ h i s is due to errors In height measurement, height-dbh regressions and sampling for 
site trees. 
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Table 3.2: Summary statistics for Planted PSP data (including EP data ). 
30 Planted Plots 
Mean Range Std.Dev 
Main Plot Sizes (ha) 0.05 0 . 0 1 - 0 . 1 3 0.028 
Main Plot Trees/ha 1481 6 6 0 - 3 0 3 7 579 
Top height (m) 8.57 3 .11-16 .38 3.13 
Mean height (m) 7.53 2.54 - 15.71 3.04 
Quadratic Mean DBH (cm) 9.66 2 .91-17 .19 3.51 
Main Plot Basal area (m2/ha) 13.26 0 .44-30 .35 8.77 
Measurement Protocol 
The establishment and measurement protocols have changed considerably 
over the 80 years of the PSP program. The last three changes to protocol 
are well documented in British Columbia Ministry of Sustainable Resources 
Management (2003), Nigh (2000), Forest Productivity Council (1999). Prior 
to this the documentation is more a form of 'tribal' knowledge (Kivari 2005). 
Those changes to the protocol that have the greatest effect are the inclusion 
of smaller trees as diameter limits decrease over time and the transition from 
imperial to metric measures. These differences in protocol have their greatest 
effect on the number of trees over time, as diameter measurement threshold 
switched from imperial to metric and size cut-off limits lowered as the years 
progressed. 
Database Protocol 
The storage structure of the the data is another critical factor. All database 
documentation was either provided in the associated data dictionaries or 
through personal communications with MSRM. The data was maintained in 
a separate relational database for both sampling methods. In the case of the 
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PSP data, this hierarchical database maintained data integrity and implicit 
structure when querying or calculating values. 
Table 3.3: Descriptive statistics for all provincial PSPs by measurement num-
ber. Measurement numbers refer to the number of sampling visits. 
Plot area (ares) - 287 Plots 
Measurement Mean Range Std. Dev Count 
00 6.84 4 - 1 6 . 2 2.14 285 
01 7.29 4 - 1 6 . 2 1.86 166 
02 7.49 5 - 1 6 . 2 1.72 123 
03 7.75 5 - 16.2 2.04 49 
Plot density (TPH) - 287 Plots 
00 1689 247-7575 1177 285 
01 1976 210-7475 1134 166 
02 1767 327-5060 902 123 
03 1181 407-3025 526 49 
Table 3.3 indicates that no PSP was smaller than 4 ares or greater than 
just over 16. The former is a result of the 3-are minimum plot size criteria, 
while the latter is the maximum plot size used in the collection of the data. 
The effect of those plots affected by the different protocols over time is not 
evident in the plot density Table 3.3. As time accumulates, the minimum 
densities increase slightly as a result changing utilization standards while the 
maximum densities decrease significantly as a result of stand dynamics (stem 
exclusion). Whereas, when individually reviewed, those plots that spanned 
transitions in protocol were the reason why there is an increasing number of 
stems from one measurement to the next. 
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3.2.1 Final Permanent Sample Plot Data for Modeling 
Disappointingly, the whole of the planted PSP data set had but one eligible 
two-point stand. The EP dataset fared a little better with two of the three 
experiments being included (EP's 660 and 671). 
As indicated in Table 3.4 the final number of eligible plots is 274. The data 
represented in this table are comprised of the natural stands, and planted 
EPs 660 and 671. 
Table 3.4: Summary statistics for final model PSP input data. 
274 Natural (PSP) and Planted (EP) Plots 
Mean Range Std.Dev 
Top height (m) 17.75 1.67-30.77 6.39 
Breast-Height Age (yrs) 46.75 0 - 1 4 4 22.89 
3.3 Stem Analysis 
The SA data are characterized as being far more precise than PSPs in terms of 
the resolution of height and age development over time, but carries a bias in 
the determination of top height due to the sampling assumptions discussed 
in 2.2. Other possible sources of bias arise as a result of dominance exchange 
and are best explained as the current eligible sample tree not necessarily hav-
ing historically exhibited those characteristics that made it presently eligible 
for sampling. The SA data carries the same environmental noise as the PSPs. 
The error in measurement is generally considered to be less than that in the 
PSPs Spurr (1952), Vanclay (1999), Garcia and Batho (2005). 
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3.3.1 Natural Stands 
The 77 natural stand plot data are described in Table 3.5. Sample tree height 
is assumed to be equivalent to top height due to the fact that only the sample 
trees had heights sampled, and since there was only three or four of them, 
depending on plot size they did not adequately span the range of co-dominant 
and dominant heights as the height and age sample trees in the PSP data. 
Table 3.5: Summary statistics for Natural SA data. 
77 Natural Plots 
Mean Range Std.Dev 
Plot Sizes (1/100th ha) 0.034 0 .03 -0 .04 0.005 
Density (Trees/ha) 1339 3 0 0 - 6 6 6 7 985 
Mean Sample tree height (m) 24.22 11.75 - 34.75 5.61 
Mean DBH (cm) 20.93 6 .78-45 .18 9.74 
Basal area (m2/ha) 38.57 9 .74-64 .42 12.39 
3.3.2 Planted Stands 
The planted stand SA plots described in Table 3.6 were only 3 ares in area. 
Consequently, there were only three trees sampled in each plot. Not unex-
pectedly, stand densities were more uniform in the planted stands than the 
natural stands. The planted stands were also younger and there is no repre-
sentation of stands over 11m. 
3.3.3 Final Stem Analysis Data for Modeling 
The stem analysis data presented a similar level of complexity in its structural 
arrangement to that of the PSP. However, corrections for bias in the section 
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Table 3.6: Summary statistics for Planted SA data. 
23 Planted Plots 
Mean Range Std.Dev 
Plot Sizes (1/100th ha) 0.03 0 . 0 3 - 0 . 0 3 0 
Density (Trees/ha) 1238 5 0 0 - 3 2 7 5 659 
Mean Sample tree height (m) 7.85 5.09 - 10.43 1.18 
Mean DBH (cm) 9.49 6.69 - 14.08 2.08 
Basal area (m2/ha) 8.97 3 .72-25 .81 4.89 
data required a manipulation that was not necessary in the PSP or the node 
sampled data. 
The data presented in the Figure 3.1(a) display the Carmean-Newberry 
(Carmean 1975, Dyer and Bailey 1987) correction applied to the height of the 
section, and Figure 3.1(b) 1/2-year Milner-Goudie correction (Hu and Garcia 
2010) that is applied to the ring count. The natural (section) data was then 
joined with the planted (node) SA data. 
100 150 
Stand age (yrs) 
(a) SA Carmean/Newberry (b) SA Goudie 
Figure 3.1: Final SA data for use in SI determination. Carmean/Newberry 
height correction (Sub-Figure 3.1(a)) and Milner-Goudie age correction (Hu 
and Garcia 2010) (Figure 3.1(b)). 
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Chapter 4 
Methods 
The following sections will outline the methods employed for the creation, 
combination and evaluation of the managed and natural interior lodgepole 
pine height growth model for the SBS. The data often dictated the meth-
ods that were to be employed for analysis, evaluation and final use/utility. 
The activities pertaining to the specifics of the data types are documented in 
Chapter 3. Following the structural divisions in Sections 1 and 2 this chapter 
is similarly divided into three broad sections: Section 4.2 discusses heights, 
Section 4.3 discusses Ages and Section 4.4 details the site index model. 
4.1 Data 
The most critical stage in model development is the process of documenting 
and rendering the required information from the varying datasets into an 
unbiased usable form (Vanclay 1999, Bonnor et al. 1995). This immense 
task is further complicated by the use of multiple data formats, structures, 
and sources inherent to the multiple data providers. In the following section 
I detail the processes used to render all the data usable for the modeling 
portion of this research. 
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4.1.1 Relational Data Bases: 
Both the planted and natural origin permanent sample plot and stem anal-
ysis data was imported into Microsoft ACCESS™and a relational database 
created. The purpose of this database was to establish a hierarchy in the 
data that allowed for queries and calculations from the broadest to the most 
specific levels (sample -> tree) while eliminating the need for duplicate fields. 
This rendered the data into a common format and structure, from which 
usable portions were extracted, calculated and passed through queries or 
calculations. 
The network illustrated in Figure 4.1 was the first one created to accom-
modate the PSP data. Note the type of relationship is indicated by the 1 ->• oo 
(one-to-many) and 1 ->• 1 (one-to-one) associations. The primary key is the 
sample identification number. The final network can be seen in Figure 4.2. 
A simpler relational database was created for the SA data to organize, enable 
calculation/queries and maintain continuity between it and PSP data. 
s 
Figure 4.1: Graphical portrayal of a theoretical relational database network 
including hierarchy. 
The database software will be used for all queries, calculations, and esti-
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mations with the data. Numerous complex Visual Basic for Access™routines 
were created by Hu (2008) and developed with myself, to automate lengthy 
repetitive tasks. 
4.1.2 Permanent Sample Plot: 
Filtering the Data: 
To calculate a suitable unbiased (and yet precise) height-age pair for each 
measurement of every plot in the PSP dataset required that I employ several 
resolutions in my data selection criteria. These calculations were also de-
pendent on data type and structure. Starting from a pool of all plot types 
including all trees, I used the criterion to select those records across plots, 
inventories, and trees to obtain the various data tables needed for model con-
struction. The working data sets were first divided by stand origin, planted or 
natural and then further divided by composition resulting in a mixed species 
query and a pine only data set. These were then further reduced to separate 
height and age datasets for both stand origins and for the whole and pine only 
plots. Further reductions will be made at the individual tree level for suitabil-
ity issues (ex. dwarf mistletoe (Arceuthobium americanum Nutt. ex Engelm.) 
and broken tops). 
As previously mentioned, the appropriate selection criteria must be applied 
to the data to ensure the practical rigor of the height-age model. I followed 
British Columbia Ministry of Forests forest management conventions for de-
termining selection criteria. My criteria for selection were those SBS samples 
in which any plot measurement exceeded 80% PL composition (by basal area)* 
Second, I required only live PL trees (Tree classes 1 & 2). Next, I applied this 
across all plot sizes, this was done separately for both natural and planted 
1There are some stands whose PL component fluctuates away from the specified >80%. 
Where this is the case, the measurement(s) the deviated from this were not included. 
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origin plots, which became an iterative procedure. The resulting height and 
diameter over time data was then plotted for each sample to ensure that any 
data anamolies were identified. Reasonable outliers were permitted but all 
outliers were further investigated in the originating data and if warranted, 
eliminated. 
The relational database network that was employed to generate the queries 
that allowed me to ensure error free selection of the data is illustrated in 
Figure 4.2. 
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Figure 4.2: Final relational database for the PSP data. Showing hierarchical 
relationships (one-to-many and one-to-one) within the data. 
4.1.3 Stem Analysis Data: 
The requirements for filtering and pre-modelling processing of SA are less 
onerous and complex than having to deal with repeated measurements over 
time. This efficiency is largely the reason for the apparent proliferation of stem 
analysis for height-growth or site index modelling (i.e. Heger (1968), Carmean 
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(1975), Monserud (1984), Thrower et al. (1994), Feng et al. (2006)), as the 
long-term costs associated with growth and yield PSPs are assumed to be 
higher. As discussed in Section 2.4 another likely reason for this proliferation 
is the increased certainty around tree-aging that SA techniques provide as 
compared to PSP aging techniques. 
Section and Node Data 
Both the section and node sampled data was graphed to identify any obvious 
questionable plots or points. Each was loaded into a relational database as 
separate tables. The intent of gathering both these data sets was site index 
curve development (Thrower et al. 1994, Nigh 1999a, Nigh and Love 1999). 
The information gathered was both recent and from similar protocols despite 
minor differences in sampling methods (section or node sampled). The top 
height selection trees were identified from the plot trees at the time of sam-
pling as per the criteria specified in Nigh and Love (1999) and Nigh (2000). 
Unlike the PSP data, the age sample trees were also the height sample trees. 
4.2 Heights 
The methods used for the preparation and aggregation of height data are de-
tailed below. Broadly, they are diameter-height regression and top height 
estimation. The preliminary and intermediary data work and filtering is de-
scribed in the Chapter 3, Data. 
4.2.1 Diameter-Height Regression 
As a result of the data collection methodology, only a subsample of trees in the 
PSPs were sampled for height. A height to diameter regression was required 
to estimate all tree heights for top height determination. 
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Regression coefficients were calculated for each measurement of a PSP 
using a linear (natural log) transformation of Schumacher's diameter to height 
regression equation as presented in Martin and Flewelling (1998). 
H = K + b0eblD~\ (4.1) 
with K a constant, b0 and bi coefficients to be estimated, and D the sample 
tree diameter. Fixing K to breast height (1.3 m) and simplifying resulted in 
H = 1.3 + b0ebl/D, (4.2) 
Each D-H pair was then transformed and least-squares regression was 
used to estimate the parameters. 
]n(H-1.3) = kibo + b1/D (4.3) 
The values obtained from the log-transformed equation, (4.3) for both b0 
and 6i were then used as the starting values for a non-linear regression of 
equation (4.2). 
Convergence was determined when the differences between estimates no 
longer exceeded 10~5. The height-diameter regression used by Martin and 
Flewelling (1998) as described above was implemented through a visual ba-
sic tool. These same methods were employed for the EP data as well, even 
though a full set of heights was sampled in each plot, the process of using the 
regression heights both reduced variability and maintained consistency with 
the PSP data. 
4.2.2 Top height estimation: 
When spatial data is not available, the most precise estimator of top height is 
the U-Estimator, as reported in Garcia and Ruiz (2003) and Garcia and Batho 
37 
(2005). However, it is also stated in the conclusion that the 'adjusted' estima-
tor provided comparable precision with a much simpler methodology (Garcia 
1998, Garcia and Batho 2005). I did not possess spatial data (subplot, or 
sector information), thus I required an unbiased estimator of top height that 
also provides precise values without needing any spatial information. Fol-
lowing the findings of Garcia (1998) and the recommendations of Garcia and 
Batho (2005) and Garcia (2005), both an adjusted number of the largest trees 
and the U-estimator were used. To assist in evaluating which estimator was 
more suitable, rounded (both up and down for non-integer) and linearly in-
terpolated values were calculated. A mean height was also calculated for 
reference. As a result of not having a spatial reference with which to follow 
the Forest Productivity Council top height definition, the only means of eval-
uating the relative accuracy of the separate estimation methods was through 
comparison of the differences between the respective estimators. 
Adjusted Estimator 
The adjusted estimator, displayed in Equation 4.4, simply uses a larger num-
ber of sample trees proportional to plot size. 
A = 1.6a-0.6 , (4.4) 
where A is the number (rounded up to the nearest integer) of top height trees 
to be aggregated based on the area, a (in ares) of the sample plot. If hectares 
are more convenient, Equation 4.4 becomes, 
A = 160a - 0.6 . 
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U-estimator 
The significantly more precise U-estimator, illustrated in Equation 4.5, is 
more complex. Requiring the calculation of all possible subsets of m out of n 
trees: 
(n)'-!T^-v • (4'5) 
\mj ml(n — my. 
where n is the number of trees in the plot and m is the number of n/area trees. 
One can derive the U-estimator by averaging the largest tree out of each of the 
subsets. It can be calculated as a weighted average based on the occurrence 
of any given tree being the largest out of any subset (Garcia and Batho 2005, 
Garcia 1998). The weights based on an ascending tree list by height, can be 
written as: 
f8"M 
\m) 
(zero for i < m). 
4.3 Ages 
Similar to the heights section this section describes the methods used to de-
termine and aggregate age. Again, both the PSP and SA data types required 
different methods for aggregating the sampled ages. All age-samples in each 
plot were used to calculate stand age. The methods to do so for each data 
type are detailed in the following. 
4.3.1 Permanent Sample Plot Ages: 
There are two spatial resolutions of concern when dealing with age, one at the 
sample-plot level and the other at the inventory or stand level. Each inventory 
of a sample may have some variation around the re-measurement interval due 
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to the inclusion of 'new' age-sample trees. This variability must not be present 
in the final set of height-age pairs for each of the plots. To address this, the 
date of each measurement where breast-height age equaled 0 (sample age) 
was calculated. This was achieved by subtracting the average breast-height 
age for the measurement from the measurement date. The dates then have 
some level of variability but as long as this variability is reasonably small, 
the date from each measurement was averaged and the resulting date is the 
sample breast-height age = 0 years (stand age). The information gathered at 
each inventory consists of age (growth ring counts) at 1.3 meters, stand ori-
gin (with last known disturbance when available), and a Ministry of Forests 
calculated age (represents theoretical total age). As a single value for age is 
required, it then becomes a problem to have a range of ages in any even-aged 
stand (Schreuder et al 1993, Vanclay 1999, Husch et al. 1993). Thus, I 
was faced with several choices for reducing the sample to one value for each 
measurement. Options included a manual case-by-case screening, a mean 
of all the age-sample trees as suggested by Chapman and Demerit (1936), an 
average of the fattest number of trees corresponding to plot area2, or a robust 
mean estimator based off an age-diameter regression. Age samples were se-
lected based on canopy position. Unlike the top height selection procedure, 
the age sample usually did not include a lower (and most probably somewhat 
younger) component of the stand that was not of interest to the site index 
model. Therefore, the age sample represents the portion of trees in the stand 
canopy of interest. 
2However, this would require the formation of an age-diameter regression as I do not 
always possess the ages of all historically fattest trees the stand. 
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4.3.2 Stem Analysis Ages 
The methods that were used to determine the stand top-age for the stem 
analysis data set varied by their respective collection method. Due to the 
structural difference discussed in Section 3.3, the section and node sampled 
data required different methods in their age aggregation. Given that only top-
height quality trees were sampled in the SA data, a simple plot average of the 
sample tree ages was all that was required. 
Section and Node data 
The half-year correction applied to the section data will be included in the 
calculation of the stand top-age. This method has proven to be effective else-
where Nigh (1999a), Hu and Garcia (2010), Milner (1992). The final stand 
top-age was arrived at by averaging the resultant age-corrected ring counts. 
Insofar as the node data, all that was necessary to calculate stand top-age 
was a simple aggregation of the sample tree ages. 
4.4 Site Index 
This section describes application of the four different model forms of the 
Richards growth equation, and their method of evaluation. The height-age 
pairs were then iterated through these four models for each of the data ar-
rangements identified in Table 4.1. The difference between the Pooled and 
Combined arrangement lies entirely in how the variance components are es-
timated. In the case of the pooled data, a single variance component was 
estimated for both the SA and PSP data. Alternatively, the Combined arrange-
ment had an additional two parameters that enabled the individual variance 
components to be estimated separately for both the SA and PSP plots respec-
tively. 
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Table 4.1: Data arrangements that were run through the four site-index mod-
els. Combined and pooled differ in that the variance parameters for the two 
data sets were estimated individually in the combined and together in the 
pooled. 
Data Arrangement/Source 
Planted 
Natural 
Pooled planted 
& na tu ra l 
Combined planted 
and na tu ra l 
PSP planted 
PSP na tu ra l 
PSP Pooled 
(planted & natural) 
PSP Combined 
(planted & natural) 
SA planted 
SA na tu ra l 
SA Pooled 
(planted & natural) 
SA Combined 
(planted & natural) 
PSP 
SA 
Pooled 
PSP & SA 
Combined 
PSP & SA 
4.4.1 Growth equations 
As described in Section 2.5, the site index model employed in this research 
was based on the Bertalanffy/Richards growth equation. Four different forms 
were evaluated with differing arrangements of local and global parameters. 
The actual method for fitting parameters to this equation will follow the simul-
taneous parameter estimation procedure employed in Garcia (1983, 1999), 
Hu and Garcia (2010). The Easy SDE program and software guide Garcia 
(2008), and further documented in Garcia and Ruiz (2003), Salas and Garcia 
(2006), Hu and Garcia (2010). Evaluation of the respective model forms 
and data arrangements were undertaken following the methods described in 
Garcia (2005), Salas and Garcia (2006), Hu and Garcia (2010). 
4.4.2 Site Index Modeling 
The fitting of the processed data to the different model formulations was an 
iterative process. First, the parameterization program was run with each 
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of the individual data and stand types (i.e. PSP Natural, Planted, and EP 
planted, SA natural (section data) and SA planted (node data)). The results 
from the individual runs are presented in Section 5.3. A likelihood ratio test 
was also applied to evaluate the relative suitability of fit of each model with 
the data. 
Model Evaluation: 
The maximum likelihoods were generated using simultaneous parameter es-
timation methods, this allowed a comparison of the suitability and quality of 
model fit relative to the other models. For the same data differing values of the 
MLE from different model forms was meaningful. These values were initially 
used along with graphical analysis to determine the suitability of the differ-
ent model forms [a, b-local, Power and Linear models). More complex models 
(those utilizing a greater number of parameters) were penalized between 1/2 
and 2 log-likelihood units per parameter. This allowed comparisons between 
the pooled and combined data arrangements and model forms. No compar-
isons could be made between the individual PSP and SA models as the data 
going into them differed. However, as both the pooled and combined models 
used exactly the same data, direct comparison of their likelihood values was 
possible. A more rigorous statistical approach using a likelihood ratio test 
allowed formal hypotheses to be evaluated. This approach exploited the fact 
that twice the log-likelihood difference was asymptotically distributed as a x2 
with degrees-of-freedom equal to the difference in the number of parameters 
(Garcia 2005, Hu and Garcia 2010). This technique allowed evaluation of the 
four model forms and compared the SA vs. PSP data and planted vs natural 
stand origins while also comparing the error estimation processes for pooled 
and combined data. 
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Chapter 5 
Results 
This chapter includes the data pre-processing results, descriptive statistics, 
graphical analysis, and finally SI modeling runs. Many of these earlier stage 
results lead to further manipulations, and as such the generation of results 
became an iterative process. That being said, the results presented here are 
the final series of steps pre-processing to input to the model. Where neces-
sary, a comprehensive display and/or explanation of the data is provided. 
5.1 PSP Pre-processing Results 
Descriptive statistics for the natural stand PSPs are presented in Table 5.1 
and totaled 244 plots with between 2 and 4 measurements per plot. The 
30 all-planted EPs descriptive statistics are displayed in Table 5.2. Further 
on, the descriptive statistics presented in Table 5.4 are for the combined PSP 
and EP data sets (totaling 274 plots), including the mean, range, standard 
deviation and count of both provincial PSP and EP plot age and height by 
measurement. 
The final Provincial PSP specific height-age data is presented in Figure 5.1 
with natural and planted stands both depicted in Figures 5.1(a) and 5.1(b) for 
the PSP (244) and EP (30) plots respectively, height being the U-interpolated 
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Table 5.1: Descriptive statistics for calculated stand age and top height of 
the final provincial PSP natural origin data. (Count refers to the number of 
measurements). 
Stand Age (y) 
Top Height (m) 
Mean 
5 3 
19.65 
PSP Data -
Range 
5 - 144 
3 .94-30 .77 
244 Plots 
Std.Dev 
18.67 
4.78 
Count 
813 
813 
Table 5.2: Descriptive statistics for calculated stand age and top height of the 
final EP data set. (Count refers to the number of measurements). 
Stand Age (y) 
Top Height (m) 
Mean 
12 
7.36 
EP Data -
Range 
0.025 - 25 
1.67- 13.76 
30 Plots 
Std.Dev 
7.14 
3.35 
Count 
149 
149 
top height and age being the stand age. 
Obviously the age and height ranges represented by the EP data are con-
siderably less than those represented in the PSP data set. The plots displayed 
in these two figures are also limited to those with two or more measurements, 
recalling that a minimum of two measurements are required for use in the 
EasySDE site index software. 
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100 
Age (years) 
(a) Natural Stand PSPs 
200 
50 100 
Age (years) 
150 200 
(b) Planted Stand EPs 
Figure 5.1: Figure 5.1(a) depicts stand top height - age trajectories for PSP 
data only. 244 plots with >2 measurements. Figure 5.1(b) depicts stand top 
height - age trajectories for EP data only. 30 plots with >2 measurements. 
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5.1.1 PSP Heights 
Height Diameter Regression 
The height to diameter regression progressed without any problems, except 
for five plot measurements1 whose bt parameter estimations converged to neg-
ative values displayed in sub-figures 'a' to 'e' respectively of Figure 5.2. These 
measurements were excluded from the final data set. It should be noted that 
two (Figures 5.2(a) and 5.2(e)) of the negative &i estimates occur in a third 
plot measurement (suffix 02), while the remaining three are all in the first 
measurement (suffix 00). 
In comparing the four measurements of a single plot in Figures 5.3(a) to 
5.3(b) to the five separate plot measurements in Figures 5.2(a) to 5.2(e) there 
is a clumping and flattening of the data in Figure 5.2 that is not present in the 
measurements in Figure 5.3. As a result, the &i converged to negative values. 
In these cases it seems unreasonable to begin eliminating unfavorable values 
within a plot to derive a more favorable regression shape and fit. Thus, these 
five plots were simply ignored. 
The regression results for plot 57006G000019 depicted in Figure 5.4 have 
a negative bx parameter estimate in measurement 02 (Figure 5.4(c)), therefore 
the entire plot was omitted from the site index modelling data. 
PSP Top height estimation 
The results for the various top height estimates are presented in Table 5.3. 
Mean height and the conventional top height estimators are included as a 
means of comparing the relative differences between the the different top 
height estimators. As discussed previously and in Garcia and Batho (2005), 
the estimator of choice for this project is the interpolated U-estimator. 
^ lo t s (measurement number after hyphen) numbered: 57006G000019-02, 
57012G000115-00, 59049T000007-00, 60149G000011-00 and 69018G000004-02 
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Figure 5.2: The five plot measurements whose height diameter regression 
estimates (&i) converged to a negative value. All measurements of these plots 
were excluded from the final data set. 
48 
s 
•Sin 
g 
•8 10 
10 15 20 25 30 
Diameter at Breast Height (cm) 
10 20 30 
Diameter at Breast Height (cm) 
(a) First Measurement - 00 (b) Second Measurement - 01 
s 
•8 io 
a; 
t 
8 5 
5 10 15 20 25 30 
Diameter at Breast Height (cm) 
9 1 5 
•a io 
u 
10 15 20 25 30 
Diameter at Breast Height (cm) 
(c) Third Measurement - 02 (d) Fourth Measurement - 03 
Figure 5.3: Observed and estimated heights and DBH in a randomly chosen 
PSP plot (55018G000023), in each of its four measurements. The regression 
parameters were calculated independently for each measurement. 
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Figure 5.4: Observed and estimated heights and DBH trends within the four 
measurements of plot 57006 G000019. 
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Table 5.3: Descriptive statistics for mean height and selected top height esti-
mators for provincial PSPs by measurement number. 
Mean Height - 287 Plots 
Measurement Mean (m) Range (m) Std.Dev (m) Count 
00 13.96 2.75-27.79 5.18 285 
01 15.46 7.77-24.13 3.86 166 
02 17.31 9.92-25.24 3.27 123 
03 20.67 12.75-28.33 3.43 49 
Conventional Top Height - 287 Plots 
00 16.12 3.30-30.36 5.70 285 
01 18.30 8.71-26.93 4.26 166 
02 20.49 13.29-28.09 3.20 123 
03 23.75 18.61-29.91 2.84 49 
Adjusted Up Top Height - 287 Plots 
00 15.93 3.26-29.98 5.65 285 
01 18.11 8.65-26.60 4.20 166 
02 20.27 13.22-27.66 3.15 123 
03 23.50 18.48-29.71 2.80 49 
U-Interpolated Top Height - 287 Plots 
00 15.95 3.24-30.07 5.66 285 
01 18.12 8.66-26.70 4.20 166 
02 20.29 13.23-27.80 3.15 123 
03 23.53 18.46-29.78 2.82 49 
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Table 5.4: Summary statistics for final model PSP input data. 
274 Natural (PSP) and Planted (EP) Plots 
Mean Range Std.Dev 
Top height (m) 17.75 1.67-30.77 6.39 
Breast-Height Age (yrs) 46.75 0 - 144 22.89 
The final PSP input into the model has the characteristics presented in 
Table 5.4. The complete data contribution to the SI models are the natural 
stand PSPs (244), and both planted EPs 660 (12) and 671 (18). Heights ranged 
from 1.67 to almost 31 meters and breast-height ages ranged from 0 to 144 
years. 
The differences in using the U-estimator as opposed to the Conventional 
are relatively small (Garcia and Batho 2005) and are displayed in Figures 
5.5(a) and 5.5(b) for the adjusted-up and U-interpolated estimators respec-
tively. 
Figures 5.6(a), 5.6(b) and 5.6(c) illustrate the difference between the three 
adjusted estimators and the U-interpolated estimator. It is clear that the least 
differences occur using the adjusted down estimator. However, it should be 
noted that this difference is in comparison with the U-interpolated and not 
the conventional estimator. From Figure 5.5 it is clear that the U-interpolated 
is the superior estimator. 
Descriptive statistics for the differences between the conventional and U-
interpolated or adjusted-up estimators are provided in Table 5.5 and are com-
parable to those found in other publications such as Magnussen and Penner 
(1996) and Garcia and Batho (2005). As evidenced by the adjusted-up esti-
mator having the greater difference ( 30 cm) and the U-interpolated estimator 
being roughly 25 cm different from the conventional approach. The 4 cm 
increase in precision between the adjusted-up and U-interpolated estimators 
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Figure 5.5: Relative differences between the conventional estimator and the 
two top height estimators proposed for use in Garcia and Batho (2005). Fig-
ures 5.5(a) and 5.5(b) display the differences between the conventional and 
either adjusted-up or U-interpolated estimators. 
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Figure 5.6: Relative differences between the preferred U-interpolated and ad-
justed top height estimators. Figures 5.6(a) to 5.6(c) display the differences 
between the three adjusted estimators and the U-interpolated estimator. 
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Table 5.5: Descriptive statistics for the difference between the adjusted-up, 
U-interpolated and conventional estimators. 
Top-Height Estimator Differences (m) 
Mean Std.Dev Min - Max Range 
Adjusted Up - Conventional -0.3025 0.3205 -4.05 - 0 -4.05 
U-Interpolated - Conventional -0.2546 0.2018 - 1 . 8 1 - 0 -1.81 
U-Interpolated - Adjusted Up 0.0479 0.0056 -0.42 - 2.24 2.66 
justifies the utility of the U-interpolated for modeling. As pointed out in Garcia 
and Batho (2005), the Adjusted-Up estimator is suitable as an essentially un-
biased top height estimator in the field. 
5.1.2 PSP Ages 
The PSP stand age results in Table 5.6 include the mean, range, standard 
deviation and count by measurement. Differences in count between Tables 
3.3 and 5.3 are attributed to the inability to calculate stand ages for any given 
measurement of a PSP, whereas all measurements of a given plot provide a 
contribution to top height. 
Table 5.6: Raw descriptive statistics for calculated stand age of provincial 
PSPs by measurement number. 
Stand age (yrs. Breast-Height) - 287 Plots 
Measurement Mean Range Std.Dev Count 
00 48 6 - 149 29 260 
01 49 16-101 17 152 
02 61 39-97 14 121 
03 78 53 - 107 14 48 
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5.2 SA Pre-Processing Results 
Similar to the PSP specific results, the SA data was run through all four 
models. To do so, it too required pre-processing, the results of which are pre-
sented first separated by planted and natural origin then as a combined unit 
below. As with the PSP data, the natural stand (section-sampled) data has a 
good representation of site qualities and stand ages over 61 plots. Whereas 
the planted stands (node-sampled) are fewer (20) and younger. 
Table 5.7: Descriptive statistics for calculated stand age and top height of 
node sampled SA data. 
Stand Age (y) 
Top Height (m) 
Mean 
6.4 
4.5 
Node Data 
Range 
0 - 18.5 
1.31 - 9 . 8 1 
- 20 Plots 
Std.Dev Count 
4.207 272 
2.212 272 
The planted origin of the node sample data is in evidence both in terms 
of the Stand Age and Top height descriptive statistics presented in Table 5.7, 
where no stand was older than 20 years at breast-height and 10 m tall. 
Table 5.8: Descriptive statistics for calculated stand age and top height of 
section sampled SA data. 
Stand Age (y) 
Top Height (m) 
Mean 
34.72 
12.93 
Section Data - 61 Plots 
Range Std.Dev Count 
0 . 5 - 1 9 1 31.47 695 
1 .35-35 8.313 695 
The natural stand data from Figure 5.8 has good representation of both 
Stand Age maximum of 191 years and Top Height maximum of 35 m. At 61 
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plots, the SA natural stand data has fewer plots than the natural PSP (244) 
data, albeit with a far better height resolution. 
5.2.1 Heights 
SA Top Height 
The determination of top height using the SA data was less complex than 
that of the PSP data. As only one tree per-are of plot area was sampled in 
the field, thus no correction was necessary. The determination of top height 
was then limited to calculating the mean total heights of the sampled trees. 
Tables 5.7 and 5.8 present the top heights and ages for the node and section 
data respectively. 
There is negligible indication that dominance exchange was a significant 
source of bias in the SA data. The simulated differences between PSP and SA 
are on the order of fractions of a centimeter to a few centimeters across site 
qualities. 
Section Data 
The stand top-height trajectories, displayed in Figure 5.7, of the section data 
represent a varied cross-section of tree sizes, as evidenced by the breadth of 
heights for a given age. 
Node Data 
The same trajectories in the stem-analyzed planted stands have a narrower 
breadth of heights for a given age. 
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Figure 5.7: S tand height over age trajectories for the na tu ra l SA (section) data. 
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Figure 5.8: S tand height over age trajectories for the planted SA (node) data . 
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5.2.2 Ages 
Similar to calculating top height, stand age is the mean breast-height age of 
the sample trees. Prior to aggregation, both the natural (section) and planted 
(node) data were compiled. The section data had a ring count correction of 
half a year following the rational and methods described in Milner (1992), 
Nigh (1999a) and Salas and Garcia (2006) 
Section Data 
The results of the different corrections for two randomly selected plots in the 
section data can be seen in Figure 5.9. As the visible differences between 
them were not great, I chose to use the 0.5-year correction of (Milner 1992, 
Nigh 1999a), both for its ease and simplicity of calculation, as well as the 
fact that the half-year correction along the x-axis is much less variable in 
its overall effect than the Carmean or Carmean-Newberry correction along 
the y-axis. The effect of this correction varies by section length, whereas the 
correction of age has equal effects across all sections lengths. Therefore, the 
data used as input to the SI model is the 0.5 year corrected SA data. 
The SA data also provided some surprises when it was observed that sev-
eral height-age trajectories did not conform to the general trend exhibited by 
the majority of the stands. This necessitated the development of a means of 
identifying, for omission, those stands in which this was the case. This phe-
nomenon was also evident in a Norway spruce stem analysis data set from 
Germany (circa 1915).2 
The differences in height-age development trends can be clearly viewed in 
Figure 5.10. Initially, I attributed this to dominance exchange. However, fol-
lowing further examination, the differences from dominance exchange were 
2
 Data graciously provided by Dr. Boris Zeide Professor of Forestry. School of Forestry, 
University of Arkansas. 
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Figure 5.9: Relative differences between Carmean, Carmean-Newberry, and 
Goudie correction for two randomly selected plots. 
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Figure 5.10: Examples of heterogeneous trends in stem analysis data. The 
Guttenberg (1915) data (a), is Norway spruce from Germany, and (b) from BC 
and used in this project, shows the high ratio curves as a thick solid line. 
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too small to account for the observed differences in height age curves. These 
atypical curves were identified using a simple ratio of the height at age fifty 
to the height at age twenty-five. The greater the resulting number, the less 
a given stand's trajectory resembled the general height over age progression. 
The distinction in curve trends for the SA data in Figure 5.10(b) are those 
plots where this value was less than 1.75. In total this resulted in my omit-
ting 14 of the section sample plots. It is important to notice the presence of 
similar trends in Figure 5.10(a), a Norway spruce dataset of 207 average trees 
from Germany, often cited in texts and articles (i.e. Assmann (1970), Zeide 
(1993)).3 Possible explanations as to why these atypical height-age trajecto-
ries are present in the SA data and not in the PSP, could be as a result of 
suppression or disease early in the stands development not in evidence at the 
time of sampling. 
Figures 5.11(b) and 5.11(a) depict the medium and low ratio SA curves 
(5.11(b)) and high ratio SA curves (5.11(a)) with the PSP data. Heterogeneity 
arises when a stand that initially started at a lower site class ends up crossing 
some of the other site classes at a later point in its development. 
Final SA curves can be seen in Figure 5.12 along with the PSP data for 
comparison. The SA data was used in the SI model. 
Node Data 
The node data was examined for inclusion into the final input table. Similar 
to the PSP data aligning the trees (setting the total age to zero) at their 'tips'. 
The assumption underlying this alignment is that it allows for a range in re-
generation year. Although this best represents the actions in the field, as the 
last known common point in growth is the year of sampling. It is inadvisable 
to align this way for use in aggregation as it creates 'artificial' variability in 
3The age breakpoints used for the Guttenberg data were seventy and thirty, ratios greater 
than 3.5 were consider high. 
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Figure 5.11: Comparison of the high ratio SA and PSP data in 5.11(a), and 
medium to low ratio SA and PSP data 5.11(b). 
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Figure 5.12: The low and medium ratio SA and PSP input da ta for the SI 
model. 
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the resulting values. For aggregation, the data were aligned from the 'base', 
thereby assuming that all trees in the stand regenerated in the same year. 
This distinction in the method of alignment is not trivial, as the breast height 
ages can vary due to time differences in regeneration. 
I found that 1.3 m tended generally to be in the middle of a growth incre-
ment. This is consistent with the half year correction that was applied to the 
section data. It is for this reason that no correction was required for the node 
data as knowing where the node was removed the requirement for estimating 
its location. The greatest drawback with the node data is the same as that for 
the EP data; it is limited in the number of meters/years above breast-height 
and as such did not contribute much to the latter parts of the final height age 
data for managed stands. 
As depicted in Figure 5.8 the juvenile managed stands maintain a generally 
linear trend similar to that of the EP data. A model comprised of the data 
alone would most definitely not be very accurate over the long term. In fact, 
a model based solely on the node data did not converge. This resulted in the 
need to either pool or combine the planted SA node and natural SA section 
data. 
5.3 Site Index 
The results presented in the previous sections provided critical input data for 
inclusion into the site index modeling portions of this research. As with the 
final selection of candidate stands for SA data, the site index determination 
is an iterative process. I first present all the parameter and likelihood values 
for the different model forms and data arrangements. Following this, the val-
ues for each of the specific data arrangements and model forms are further 
detailed. Finally, the resultant curves are displayed and compared to the cur-
rent provincial site index model. The parameter estimates and log-likelihood 
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values for the different models and data compositions are given in the follow-
ing Tables. Those estimates that did not converge are indicated by Bold text 
in the tables. 
Model parameter estimates and log-likelihood values for natural origin 
stands are presented in Table 5.9. The Linear and Power models performed 
best in all data formulations, with the Power model sometimes being signifi-
cantly superior to the Linear model for the same number of parameters. Dif-
ferences between model forms are evident for both the SA and PSP data. The 
6-local model had the overall lowest likelihood values for all data formulations. 
It should be noted that the combined data formulation did not converge 
for the Linear model. The consistence of convergence values (small differ-
ences) when approached from differing initiation points however, indicated 
that despite not converging, the estimated values are reasonable. 
The parameter estimates of planted origin models presented in Table 5.10 
largely indicate no statistical significance, in favor of a specific model. This 
incapacity to distinguish a 'superior' model form, along with a consistent lack 
of convergence in all the combined data formulations could indicate there is 
no difference for the planted data or an indication of insufficient age develop-
ment of the planted stands. 
Joining the natural and planted origin stand data provided results that are 
overall similar to the natural origin stands. There was no statistical difference 
in curve shape between planted and natural stands. The results in Table 
5.11 clearly indicate a significantly better fit in all cases for the Power model 
regardless of data type and the combined arrangement favored over that of 
the pooled. With the Linear, a-local and b-local models being of decreasing 
suitability. Curiously, the Power model was the only model to converge for 
any of the Combined data parameterizations. 
The parameter estimates and log-likelihood values for the different models 
and data compositions are given in Table 5.9 for natural stand data, Table 
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Table 5.9: Natural stand global (G) parameter estimates and log-likelihoods. 
Bold indicates lack of convergence. 
Gl G2 G3 
a Local 
G4 G5 G6 G7 
Log 
likelihood 
PSP 0 2340 0 9358 2 42E-34 0 0521 
SA 0 2297 0 8874 8 02E-02 6 18E 03 
PSP + SA 
Pooled 0 2504 0 8474 0 0735 0 0083 
Combined 0 2380 0 8880 0 0796 6 18E 03 1 76E 5 0 0508 
1215 28 
1272 96 
2488 24 
2351 85 
2476 23 
b Local 
PSP 3 4508 12605 2 86E 64 0 0661 
SA 3 2716 0 9561 0 1105 1 08E 53 
PSP + SA 
Pooled 3 17374 0 9611 0 1070 3 83E 17 
Combined 3 2330 10159 0 1139 1 04E-04 1 2IE 04 0 0577 
1190 37 
1168 83 
2359 19 
2193 13 
2330 04 
Linear 
PSP 0 39 14 2147 0 9202 2 76E 34 0 0508 
SA 2 1071 22 2411 0 8763 0 079 
PSP + SA -
Pooled 2 0926 19 9498 0 8352 0 0782 8 4IE 03 
1227 51 
1290 49 
2518 00 
2374 69 
Combined -2 3005 22 0759 0 8773 0 0786 5 74E 03 -3 20E 05 4 98E 02 2505 02 
Power 
PSP 16 4289 1 1893 
SA 42 0881 17999 
PSP + SA 
Pooled 36 231 1 8275 
Combined 29 9395 1 6157 
0 9179 0 0 0507 
0 8761 0 0790 6 22E-03 
1227 61 
1290 52 
2518 13 
0 8348 0 0782 8 43E 03 - - 2375 26 
0 8764 7 86E-02 6 15E 03 3 94E 05 4 97E 02 2505 81 
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Table 5.10: Planted stand global (G) parameter estimates and log-likelihoods. 
Bold indicates lack of convergence. 
Gl G2 G3 
a Local 
G4 G5 G6 
Log 
G7 likelihood 
PSP 0 0937 10370 3 816E118 0 0191 
SA 0 0118 0 8621 0 2090 3 41E 03 
PSP + SA 
Pooled 0 1468 0 9461 6 26E 02 9 99E 03 
Combined 0 1976 0 9025 0 0592 3 47E 03 0 0174 0 0149 
376 12 
884 87 
1260 99 
1101 73 
1134 05 
b Local 
PSP 5 2427 10270 2 68E 90 0 0191 
SA 48 9329 0 8586 0 1702 3 23E 03 
PSP + SA 
Pooled 2 2737 0 6484 8 97E 46 2 30E 02 
Combined 2 2201 0 5479 2 06E 53 0 0180 7 52E 54 3 71E 02 
376 17 
885 80 
1261 97 
1103 27 
1114 54 
Lineai 
PSP* 
SA 
3 5474 16 7877 
2 3307 0 6735 
PSP + SA 
Pooled 3 1418 2 1133 
Combined 2 1005 29 6665 
1 0276 4 70E 89 1 91E 02 
0 3423 8 18E 78 2 06E 02 
0 6324 1 14E 46 2 32E 02 
0 9326 0 0608 3 98E 03 7 98E 03 0 0128 
376 18 
837 64 
1213 82 
1105 64 
1131 73 
Power 
PSP 
SA 
13 0949 
1 0131 
0 3946 
0 9449 
1 0288 
0 7578 
0 
0 0742 
00191 
3 29E 45 
PSP + SA 
Pooled 0 6028 0 9519 1 0164 0 1922 
Combined 0 5891 0 9619 10182 05458 
5 48E 88 
1 12E 82 0 1506 3 52E 81 
376 18 
890 93 
1267 12 
1129 76 
1134 66 
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Table 5.11: Mixed origin global (G) parameter estimates and log-likelihoods. 
Bold indicates lack of convergence. 
Gl G2 G3 
a-Local 
G4 G5 G6 
Log 
G7 likelihood 
PSP 0 2712 0 8069 5 62E-19 4 52E 02 
SA 0 2382 0 8566 7 59E 02 1 79E 15 
PSP + SA 
Pooled 0 2513 0 8430 0 0749 0 0103 
Combined 0 2537 0 8372 0 0748 1 34E 03 3 728E 05 0 0460 
1526 20 
2107 38 
3633 58 
3423 08 
3610 24 
b Local 
PSP 3 1290 0 9620 2 21E-23 5 21E 02 
SA 3 2106 0 8988 9 65E 02 2 67E 29 
PSP + SA 
Pooled 3 1466 0 9319 00975 7 08E-03 
Combined 3 1444 0 9136 0 0965 -2 40E 04 1 243E-04 0 0513 
1459 65 
1967 25 
3426 90 
3230 73 
3402 98 
Linear 
PSP 0 8624 13 9061 0 8073 1 85E 41 
SA 2 1385 214787 0 8479 0 0749 
PSP + SA 
Pooled 2 3005 20 7652 0 8343 0 0739 
Combined -2 3005 20 6034 0 8297 0 0739 
0 0446 
5 98E 21 
1540 67 
2127 62 
3668 29 
0 0105 - 3446 97 
1 56E 03 1 87E 05 0 0453 3644 71 
Power 
PSP 17 0302 1 3559 0 8067 
SA 39 7924 18121 0 8476 
PSP + SA 
Pooled 40 0619 1 9014 0 8340 
Combined 27 8907 1 6449 0 8297 
1 19E 243 0 0445 
0 0749 2 08E 51 
1540 89 
2127 54 
3668 43 
0 0738 0 0105 - 3447 52 
0 0741 1 51E-03 259E05 0 0453 3645 57 
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5.10 for planted stand data and Table 5.11 for the pooled planted and natural 
data. Those estimates that did not converge are indicated by an asterisk in 
the tables. The zero estimate for a observed and discussed in Garcia (1983, 
1999, 2005) was also present in the PSP data for both the planted and natural 
a-local model runs. 
5.3.1 PSP Only 
Natural 
The natural stand provincial PSP-only likelihoods are presented in the natural 
section of Table 5.12. The difference between the Power and the Linear model 
appears minimal at 0.1 units. The difference between the Power and the next 
closest model (a-local) is 1227 61 - 1215 28 = 12 33, giving an adjusted value of 
24 66 units for the single parameter difference between them. 
Planted 
The planted stand EP-only model results are presented in the planted PSP 
section of Table 5.12. The Linear model did not converge for this data set, 
whereas the Power model did. All four model forms had Likelihood values 
varying by only 0 06 units from smallest to largest (adjusted difference of 0 06 
to 0 12 units), likely indicating that there is a general lack of time (height 
growth) in the data. This lack of differentiation amongst model forms was the 
greatest similarity in the results for all the data combinations and origins. 
Mixed Origin 
Both the Linear and Power models using all PSP data (PSP and EP) fit better 
than the a and b-local models, as indicated by a difference in log-likelihood 
values of 1540 89 - 1526 20 = 14 69 units, or an adjusted value of 29 38 in Table 
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Table 5.12: Maximum log-likelihoods by origin, da ta combination and model 
form. Number of pa ramete rs in paren theses . Bold indicates lack of conver-
gences 
Natural 
a-Local 6-Local Linear Power 
PSP 1215.28(4) 1190.37(4) 1227.51(5) 1227.61(5) 
SA 1272.96(4) 1168.83(4) 1290.49(5) 1290.52(5) 
PSP + SA 2488.24(8) 2359 .19(8) 2518.00(10) 2518.13(10) 
Pooled 2351.85(4) 2193.13(4) 2374.69(5) 2375.26(5) 
Combined 2476.23 (6) 2330.04 (6) 2 5 0 5 . 0 2 (7) 2505.81 (7) 
Planted 
PSP 376.12(4) 376.17(4) 3 7 6 . 1 8 ( 5 ) 376.18(5) 
SA 884.87 (4) 885.80 (4) 837.64 (5) 890.93 (5) 
PSP + SA 1260.99 (8) 1261.97 (8) 1213.82 (10) 1267.12 (10) 
Pooled 1101.73(4) 1103.27(4) 1105.64(5) 1129.76(5) 
Combined 1134 .05 (6 ) 1 1 1 4 . 5 4 ( 6 ) 1131 .73 (7 ) 1134 .66 (7 ) 
Mixed Origin 
PSP 1526.20 (4) 1459.65 (4) 1540.67 (5) 1540.89 (5) 
SA 2107.38(4) 1967.25(4) 2127.62(5) 2127.54(5) 
PSP + SA 3633.58 (8) 3426.90 (8) 3668.29 (10) 3668 .43 (10) 
Pooled 3423.08 (4) 3230 .73 (4) 3446.97 (5) 3447.52 (5) 
Combined 3 6 1 0 . 2 4 (6) 3 4 0 2 . 9 8 (6) 3 6 4 4 . 7 1 (7) 3645.57 (7) 
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5.12. The two top performing models did not have sufficient differences to en-
able a conclusive preference for any one form over the other as the difference 
between them is 1540.89 - 1540.67 = 0.22 units. 
5.3.2 SA Only 
Natural 
Similar to the PSP data, the Linear and Power models appear to better fit the 
natural stand data as evidenced in Table 5.12, with a difference of 0.03 units 
between natural and planted. Regarding model form, the difference between 
the Power and the a-local model is significant at 1290.52 - 1272.96 = 17.56 for 
an adjusted difference of 35.12 units with the additional parameter. 
Planted 
As with the planted PSP data, the planted (node) SA only model was lacking in 
data above breast-height. The relative differences from Table 5.12 are greater 
than those found in the planted PSP data. All forms converged and there was 
a significant difference between the two more complex Power and the Linear 
forms. At 890.93-837.64 = 53.29 units, this difference was the greatest observed 
for all combinations and stand origins between the Power and Linear models. 
The results for both model forms are presented in the planted SA portion 
of Table 5.12. In contrast to all the other data types and origins, the fa-
local model fared slightly better than the a-local model when compared to the 
Power form, at 890.93 - 885.80 = 5.13 units and 10.26 adjusted units compared 
to 890.93 - 884.87 = 6.06 units (12.12 adjusted units) for the a-local model. 
Mixed Origin 
The trends from the PSP mixed origin data in Table 5.12 are also reflected 
in the SA mixed origin data, with the Power and Linear models differing by 
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only fractions (0.08) of a unit. Similarly, the a-local model was the next most 
suitable, having 2127.54-2107.38 = 20.16 units difference, providing an adjusted 
difference of 40.32 units. As with the PSP data, the b-local form is the lowest 
ranked of the four model forms. 
5.3.3 PSP and SA: Pooled 
Natural 
Pooling the natural stand PSP and SA data resulted in minuscule differences, 
similar to those discussed above, between the Power and Linear models. The 
same can be said for the difference between the Power and a-local forms 
where the difference from Table 5.12 is 2375.26 - 2351.86 = 23.4 units, the 
adjusted value of 46.8 was among the highest difference between these two 
model forms thus far. 
Planted 
At 1129.76-1105.64 = 14.12 units, the planted pooled data in Table 5.12 exhibits 
the same relatively large significant difference between Power and Linear forms 
that were present in the SA planted only likelihoods. The b-local model also 
proved to be the third best performer as well, with the a-local model unchar-
acteristically coming in last. 
Mixed Origin 
In examining the mixed origin results for the pooled data in Table 5.12, it 
is evident that the Power and Linear models again have minor differences 
that can not be considered significant at 3447.52 - 3446.97 = 0.55 units. The 
significant difference of 3645.57 - 3610.24 = 35.33 units (70.66 adjusted) between 
the Power and a-local forms is consistent with both the PSP only and SA only 
outcomes for mixed origin data. 
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5.3.4 PSP and SA: Combined 
Natural 
The likelihood values for the combined natural PSP and SA data runs are 
given in 5.12. As with the results discussed for the other Natural only model 
runs, the differences between the best ranked Power model and the second 
best Linear models were small. In this case, as indicated, the Linear model 
failed to converge. The 2505.81 - 2476.23 = 29.58 units, 59.16 adjusted units, 
difference between the Power and the a-local model is significant. 
Planted 
The planted-only combined data in Table 5.12 is interesting in that neither of 
the model forms converged. The relative order also changed with the a-local 
model having a non-significant difference from the Power model at 1134.66 -
1134.05 = 0.61 units, the adjusted value of which is 1.22 units, below the 2 
units conventionally considered significant. The a-local model is follow next 
by the Linear and finally the b-local model is again the lowest ranking form. 
Mixed Origin 
The combined PSP and SA mixed origin results in Table 5.12 indicated that 
the only form to converge is the Power model, while the other three did not. 
Convergence aside, the now familiar ranking of Power, Linear, a-local and 
finally b-local form is evident. With only 3645.57 - 3644.71 = 0.86 units between 
the top two models, there is again no significant difference from one form to 
the other. 
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5.3.5 Model 
It is evident, given the above results, that combining the data in such a way 
that the error structures inherent to each sampling methodology are accom-
modated results in a significantly better fit in all model forms. Similarly, 
based on these same results, there is no justification for entertaining stand 
origin specific (separate planted and natural) models. 
In comparing the log-likelihood values (Table 5.12 for the various combi-
nations and origins) it is apparent that the b-local model results in the least 
optimal fit. Whereas the superior model is undoubtedly the Power form. 
Among planted and natural data origins the combined data model was the 
best performing. The combined model had the highest log-likelihood values 
when compared to the pooled and although this model form did not converge 
in the individual planted and natural only model runs, the resultant values 
did not vary even after re-initiating the parameterization from various starting 
points to determine if the model was solving to local maxima rather than a 
global maxima as discussed in Garcia (2003, 1980). 
Allowing for differences in the variance component estimation resulted in 
a 198.05 unit difference between the combined and pooled arrangements. The 
lower likelihood value for the pooled Power model (3447.52) versus a combined 
value of 3645.57 indicates that given the same data allowing for differences 
in error structure inherent to PSP and SA data sets is supported. Similarly, 
when evaluating the mixed origin combined Power model against the 'PSP 
+ SA' likelihood the (3668.43 - 3645.57) - 2 x (10 - 7) = 22.86 units indicates a 
significant difference in favor of the combined Power model. 
The Power model is favored, normally with very small differences (< 2 likeli-
hood units) from the Linear model in all stand origins and sampling methods. 
With larger (> 2) differences occurring only in three of the planted origin data 
combinations (between the two model forms. These differences were all neg-
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ative4 favoring the Power model. The single difference that favored the Linear 
model occurred in the mixed origin stands for the SA data, the 0.08 likelihood 
units difference is considerably less that the 2 units difference that would 
indicate any statistical difference. 
Stand origin seems to have differences for the planted origin data only. 
Where, with the exception of the combined data, the planted origin models 
forms had the 6-local model ranking higher above the a-local model, albeit 
these differences were all less than the requisite 2 units required for signifi-
cance. As with the natural and mixed origin stands in all data combinations 
the Power model was still the statistically superior model form for this stand 
origin as well. 
Additionally, accounting for differences in the variance structure between 
the two sampling methods is strongly supported, as pooled log-likelihoods 
consistently ranked lower those of the combined model for all models and 
origins. This is indicated by the (3645.57 - 3447.52) /2 = 99.03 log-likelihood 
units per additional parameter; providing an adjusted difference of 194.05. The 
X2 test gives a p-value of 0.5 x 10~7 for the null hypothesis of equal variances. 
4SA -53.29 , pooled -24.12 and combined -4.90. 
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Chapter 6 
Discussion 
6.1 PSP 
The PSP data set required the most pre-results processing of all the data 
types. Following the data cleaning and loading height-to-diameter regression, 
top height estimators and stand age aggregation were all required for this 
data type. 
6.1.1 Heights 
Regression Heights 
The height-diameter regression recommended for use in Martin and Flewelling 
(1998) was suitable for use in the provincial PSP and EP database. As indi-
cated previously the height age regression was not required for either of the SA 
sampling methods. Figure 5.2 indicates there was only five occasions when 
the regression resulted in a negative bi parameter estimate. Realistically, 
only two of the five negative parameter estimates had an effect on the usable 
data. The reason for these five parameter estimates being negative was most 
likely a result of the height-sampled trees all being sampled within a narrow 
height range, either due to a lack of height stratification, minimal number 
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of data points or other plot level limitations (Martin and Flewelling 1998). 
Consequently, this resulted in a regression line whose form was not oriented 
properly. The differences are illustrated in Figure 5.4, which presents the 
different measurements for sample plots 57006 G000019. 
It is obvious from Figure (5.4 that the measurement where the model esti-
mated negative b\ parameters had a limited sample size and a lack of stratifi-
cation in height, causing the sigmoid regression model to 'flip' thereby result-
ing in the downward descending sigmoid curve most evident in Figure 5.4(c). 
Interestingly, although the regression model did not provide negative bi re-
sults for the remaining measurements, this is most probably attributed to an 
increase in the number of height samples, and even with these the estimate 
for b\ remained relatively close to 0. 
Top Height 
The determination of an appropriate top height estimator for the provincial 
PSP data is quite involved and it is one of two crucial site index data inputs. 
Following the suggestions put forth in Garcia (1998) and Garcia and Batho 
(2005), both the adjusted and U-estimator were calculated to determine the 
relative magnitude of their differences. The resultant number of trees used 
for each estimator were rounded down, up, and interpolated. Similar to the 
findings in Garcia and Batho (2005) it was determined that rounding up the 
adjusted estimator and interpolating the U-estimator provided the best esti-
mates of each. Similarly, the U-estimator is the estimator of choice for use in 
this research as well. 
Both the U-Interpolated and adjusted-up values were compared to confirm 
their suitability in site index determination for the full PSP data set and to 
ensure that the adjusted estimator would be sufficient for any future field 
approximation of the U-estimator. The calculated differences between the 
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conventional and the U or adjusted top height estimators are presented in 
Figure 5.5. Garcia and Batho (2005) indicated that the estimators shown 
in Figures 5.5(a) and 5.5(b) are preferred due to their relative lack of bias 
in comparison to the subplot method. As there was no means to re-create 
the subplot method for all the plot sizes represented in the entirety of the 
PSP data, the two estimators were compared to the conventional method of 
estimating top height. This is reinforced when noting that Figure 5.5(a) has 
many more points that exceed 1 m of difference as compared to Figure 5.5(b) 
where there is only a few points that exceed 1 m difference, thereby indicating 
greater precision. The uniquely positive trend displayed by both estimators 
when compared to the conventional estimator indicates that the conventional 
estimator consistently over-estimates top height relative to the U and adjusted 
estimators. 
Figure 5.6 illustrates the differences between the U-estimator and the var-
ious adjusted estimators. The differences between the two recommended es-
timators in Garcia and Batho (2005) averages 1 cm in the 8-are and 0.9 cm in 
the 4-are plots, however the mean differences for all plot sizes in the full PSP 
dataset is 4 cm with values up to 2.24 m. It is obvious from Figure 5.6(c) how-
ever, that the vast majority of the differences between the adjusted-up and 
interpolated U estimators are within 50 cm indicating that the adjusted-up 
estimator's ease of determination continues to be an attractive approximation 
of the U-estimator for use in the field. The recommendations and experience 
from Garcia and Batho (2005) are supported in this research as well, with 
the interpolated U-estimator having a lower bias and higher precision when 
compared to the conventional estimator as observed in Table 5.5. Where the 
positive bias in the conventional is 25 cm and 30 cm for the U-interpolated 
and adjusted-up estimators respectively. 
Following the recommendations of Garcia (1998), findings in Garcia and 
Batho (2005), and observations regarding its performance with the current 
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data set, the interpolated U-estimator was used for all subsequent site index 
modeling. 
6.1.2 Ages 
The determination of a simple and reliable stand age is the other critical value 
for accurate site index determination. Although the application of site index 
is limited to even-aged stands, it is seldom the case that all the trees in a 
given stand regenerated within the same growing season. In fact, in some of 
the PSPs it was not uncommon to have an age range on the order of 25 years. 
This was often a result of a wide range of age samples across crown classes in 
a plot.x Upon examination of the main canopy trees only these considerable 
age ranges did not exist. 
Stand Age 
Using stand breast-height age avoids the irregularities associated with early 
growth at an easy to measure and almost universally accepted reference 
point, although breast-heights do vary between jurisdictions and across mea-
surement systems. The method employed for the determination of stand age 
with the PSPs was successful if not a little more involved than the same proce-
dure for the SA data discussed below. The stand age was limited to an average 
age of the main canopy tree breast-height age, however, as described in de-
tail in Section 2.4, the breast-height ages of the main canopy trees (dominant 
and co-dominant crown classes) were used to calculate the year in which the 
sample tree passed through 1.3 m. The average of these dates was taken to 
be the base date for the stand age. Not using those stands where the canopy 
trees exceeded the provincial even-aged definition prevented the introduction 
^.g.The sampling of Intermediate and suppressed trees along with co-dominant and dom-
inant trees. 
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of bias associated with gross violations of even-agedness in the determination 
of site index. 
Table 6.1: Descriptive statistics for the range of ages present in the stand age 
calculations (age range <20). 
Statistics for stand age (yrs) 
Mean Std.Dev Min - Max Range Count 
Stand Age 4.37 3.87 0 - 1 9 19 581 
Although establishment age range varied across plots, Table 6.1 indicates 
that the mean age range for the eligible even-aged plots was 4.37 years, al-
beit with a standard deviation of 3.87 years. The information presented in 
this table does not include those plots where stand age could not be deter-
mined for any of the re-measurements, hence the difference in the count of 
measurements (581 vs. 623). 
The high standard deviation present in Table 6.1 indicates that the sam-
pled lodgepole pine stands in the SBS show a variation in age that is char-
acteristic of single-cohort and single-species stands (Oliver and Larson 1996, 
Burns and Honkala 1990). The observed range of ages in a given plot in 
the lodgepole pine stands of the SBS was broader than what is convention-
ally noted in much of the literature. This breadth of establishment age is 
accepted in so called even-aged stands and the timing of stand initiation has 
some inherent range in year of regeneration (Oliver and Larson 1996). 
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6.2 SA 
6.2.1 Heights 
Unlike the determination of top height for the PSPs, the relative ease of calcu-
lating top height for the SA data was evident, owing to the fact that the only 
height sampled trees were stem analyzed. 
Top Height 
The simpler top height determination arose from the fact that the height sam-
pling protocol for the SA data included only one height sample tree per are. 
This resulted in four sample trees for any potential diameter-height regres-
sion, whereas Martin and Flewelling (1998) stated that "no definite preferred 
sample size was apparenf'for diameter-height regression. However, from their 
data they did notice a decline in the MSE as the number of height sample 
trees increased. MSE was used to determine the percent coefficient of varia-
tion, which in turn provided a means to assess the adequacy of sample size 
(Martin and Flewelling 1998). In my case, the minimum number of height 
sample trees used for the PSP height-to-diameter regression was 6, in all the 
SA plots a maximum of 4 trees were sampled. Knowing that these trees were 
only those that met top height eligibility requirements, an unbiased height 
profile was not available. This dictated that top height for the purpose of the 
SA data was simply the mean of the sample tree heights. 
The resultant SA top heights therefore better suit the definition of the con-
ventional top height estimator, and most likely contain some bias, visible in 
the PSP results from Table 5.5 and Figures 5.6(a) and 5.6(b). This bias is in 
addition to that of the dominance exchange bias inherent to stem analysis. A 
possible correction for this could simply be choosing an adjusted number of 
trees. A suggested alternative would be to adjust the plot size (Fries 1974, 
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Matern 1976, Rennolls 1978). 
The effect of dominance exchange is negligible and approaches nowhere 
near the considerable 60 cm on SI20 sites and 155 cm on SI30 sites found 
in the interior spruce data examined by Hu and Garcia (2010). Its presence 
has been recognized and discussed over several decades (i.e. Dahms (1963), 
Magnussen and Penner (1996), Raulier et al. (2003), Salas and Garcia (2006), 
Feng et al. (2006)). Corrections for this bias seem limited to those instances 
where a greater proportion of the plot is destructively sampled, thereby al-
lowing the tracking of dominance exchange throughout a larger number of 
individuals (Dahms 1963, Feng et al 2006). 
Generally, it is agreed that that dominance exchange results in an in-
crease in the steepness of the height age curves (Dahms 1963, Magnussen 
and Penner 1996, Salas and Garcia 2006). The pine data did not reflect a 
considerable difference with discrepancies being on the order of fractions of a 
centimeters to a few centimeters and never greater than a decimeter, opposite 
to to the findings in Hu and Garcia (2010). However, the elimination of the 
'atypical' trends that were discussed in Section 5.2.2 may account for this 
observed lack of bias. 
6.2.2 Ages 
Similar to top height determination, stand age was a simple aggregation of the 
the sample tree's age at breast-height. The methods employed to determine 
age at breast-height for the section and node data are discussed below. 
Section Data 
The seemingly standard practice of employing Carmean's method for estimat-
ing age in stem analysis sampling was not used in favor of a simpler and 
arguably more efficient half-year correction in age. Use of this correction as 
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suggested in Milner (1992) and Nigh (1995, p. 2) resulted in a simpler and 
more accurate breast-height age for the section SA data as a result of the 
correction being evenly applied, using a simpler method, to the age (x-axis) 
as opposed to employing a growth and section-length dependent correction 
applied to height (y-axis) as Carmean's method does. As noted in Salas and 
Garcia (2006, p. 3), the half-year correction presumes that breast-height is 
reached, on average, at 1/2 year from the previous years bud set. Evidently, 
the magnitude of the differences between the Carmean and Milner-Goudie 
corrections amounts to little more than fractions of a year, quite negligible 
considering the relatively slow annual growth rates of lodgepole pine. It is 
also preferable not to use the linearly interpolated values, base on section 
lengths and ring counts suggested in Dyer and Bailey (1987). 
Node Data 
Unlike the section data the node data needed no correction. Due to the longi-
tudinal splitting of the sections the point at which a sample tree attained 1.3 
m was known. As a result, it allowed me to compare my observations concern-
ing the node sampled SA data with those of the section data. Additionally the 
node data provided sufficient height growth resolution to evaluate whether 
the half-year correction was reasonable for use with section data, which it 
was. The node data also provided a valuable compliment to the EP data as 
both datasets were sampled from managed stand types. 
6.3 Site Index 
Separate managed and natural site index models: 
The testing of separate models for the planted and natural PLI stands was 
not entirely conclusive due to the lack of longer-term planted stand data as 
there was not enough height development above breast-height to enable the 
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determination of a superior model form. As a result, either convergence was 
not attained when running the planted data through EasySDE or the result-
ing converged likelihood values were so similar that there was no statistical 
difference in fit between the four model forms. This was likely a result of 
there either being no real difference or a lack of data for older stands and 
the flexibility of the model forms. This was evident in both the node SA data, 
where the young stands were still in a period of linear growth (stem exclusion 
and crown lift had not yet occurred). The planted PSP and EP data had the 
same problem as the node data, however it was further compounded by the 
fact that many of the plots had only two measurements.2. Consequently, the 
planted stand data did not converge when run through the model separately 
from the natural stand data. Ultimately, there was no statistically significant 
differences detected, although this is possibly because of lack of data. 
Joining natural and planted data: 
The managed stand data was combined with the natural stand data, as 
there were no statistically significant differences in curve shape between them. 
Both the PSP and SA site index models were run individually, using the nat-
ural and planted data. This provided the added benefit of anchoring the 
younger portions of the stand growth curves where the PSP data was lack-
ing. 
Pooling of SA and PSP planted and natural: 
The data was pooled by joining the natural and planted PSP data with 
the natural and planted SA data and processing it through the four seperate 
model forms. As with the other PSP and SA only data, the Power model 
resulted in better fits than the other model forms. The PSP and SA pooled data 
curves did not take into account the difference in error structures between the 
PSP and SA datasets. As was obvious in the results section, the pooled curves 
2Recall only one two-point planted plot survived the data filtering 
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were inferior to the curves generated following the combined method. 
Relative suitability of the four model forms 
As evidenced in Figures 6.1 and 6.2, there is little difference between the 
Power and Linear models. Conversely, the b-local model has the greatest dis-
similarity. The a-local model has varying differences with lower curves than 
the polymorphic models [Power and Linear) up to SIi6, nearly identical curves 
at SI2o and higher curves beyond. The suitability of the various model forms 
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1: Comparison of all four model forms; Si's 8 to SI 32 in steps of 4 
was evaluated first through the likelihood values within a data set and then 
confirmed with graphical analysis. Table 5.12 presents their respective like-
lihood values and Figure 6.1 provides for the graphical analysis. Evaluation 
of model forms for each data type confirms that the Power model always per-
formed better than the Linear, a-local and b-local models for each of the data 
types, as demonstrated by their respective likelihood values. This indicates 
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t ha t the Power model is favored for u s e with interior lodgepole pine. The 
one si tuat ion where this is not the case is in comparing the pooled to the 
combined data, a s both types u s e exactly the same data, with the difference 
arising in the parameterizat ion of the error t e rms . Figure 6.2 depicts juvenile 
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Figure 6.2: Comparison of all four model forms early height development; Si's 
8 to SI 32 in s teps of 4 m. 
height development for each of the four model formulations. There are dif-
ferences amongs t all model forms for a given site quality except for the SI2o 
curves which seem to all be very similar, regardless of form. 
Final model and years to breast-height 
The final model uses the combined da ta and is the Power model below from 
Equat ion 2.4: 
H = a l l - 1 Ho 
a 
exp[-b(t-t0) 
l / c 
(6.1) 
with a = 27.8907g16449, b = q, and c = 0 8297. Where q is the si te-dependent 
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parameter which m u s t be numerically solved as described in Hu a n d Garcia 
(2010). As with the height equat ion 6 .1 , the resul tant site index equation is 
the same as Equat ion 2.7 with the above parameters , 
>. l / c 
exp (-49.56) > . (6.2) 
Using the Power formulation is justified a s it is the best performing model 
form of all four evaluated. This model form with the combined data, proved 
to have the bes t fit and form for all da ta types and both s tand origins. 
Years to breas t height can be determined using the following ministry s tan-
dard equation from a n interior PL juvenile height model developed by Nigh 
(1999b): 
YTBH = b0x (SI + bx)h2, (6.3) 
Where, YTBH = years to breas t height, SI = site index (m a t breas t height 
age 50) and b0,bi,b2 are the pa ramete r s to be estimated (Nigh 1999b). The 
resu l t an t model for lodgepole pine is represented in Equat ion 6.4 below, 
YTBH = 21.6623 x (SI - 9.05671)"°550762, (6.4) 
where the respective values of the parameters are b0 = 21.6623, bx = 9.05671 
a n d b2 = -0.550762. 
The combined-data Power model and comparisons to other BC models . 
Both the combined and pooled me thods used exactly the same data, t h u s 
the likelihood values arising from either can be directly compared, whereas 
ad jus tments need to be m a d e for evaluating PSP and SA only or origin spe-
cific models where the input da t a sample size differed. Table 5.12 identifies 
the likelihood values for both. It is clear tha t the combined model, by tak-
ing the difference in error s t ruc tu re s inherent to each sampling method into 
account , resulted in a superior fit a s compared to the pooled model. In fact 
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S = a<l L3 
a 
the difference between the two models of 152.61 likelihood units is far greater 
than the 2 likelihood units difference times parameter difference identified as 
being statistically significant in Garcia (2005). Additionally, as both the Power 
and Linear models used the same number of parameters, there was no need 
to penalize for extra parameters as suggested by Akaike (1973) and Stone 
(1977). Evidently, the combined data Power model forms better represented 
the top height trends in the data than the pooled model. In all but one case, 
the Linear model had no statistically different results from the Power model 
and is equally suitable for height growth and site index modeling for interior 
PL in the SBS subzone. 
No site index research is complete without comparing the models gen-
erated in this research to those that are currently used for timber supply 
analysis. This is both to evaluate their relative differences and to discuss the 
potential reasons for these differences. 
When comparing the combined Power model form and the existing interior 
lodgepole pine models, it becomes evident that the differences between these 
two models are supported through graphical analysis of Figure 6.3. Compar-
ing the two curves in this figure, it can be seen that for young stands in the 
lower site indicies (<SI2o) Thrower's curves are lower than the curves gener-
ated by the Power model. This difference decreases with increasing site qual-
ity and is negligible, albeit still present, in the highest site indicies. After fifty 
years the difference in curve positions are inverse to those in young stands, 
again decreasing with increasing site quality. There are distinct cross-over 
points other than those occurring at the reference age (breast-height age 50) 
and these points too vary with site-quality. In the higher site-qualities, this 
cross-over point occurs in older stands. At an average rotation (100 years), 
the Power curves are increasingly lower than the current provincial curves 
as site quality decreases. Over this practical time frame, these differences 
are relatively small when compared to the less practical 200 years. There 
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Figure 6.3: Comparison of the Power, Linear and Thrower (1994) models; Si's 
8 to SI 32 in steps of 4 m. 
are large differences between the current provincial model and Power models. 
Thrower's model has an approximately +3 m height difference from these two 
forms at 150 years. While the magnitude of this difference decreases with site 
quality, there is still roughly a +1 m difference for 150 year-old stands for SI20 
and above. 
In examining the site index curves for young ages a little closer it is evident 
that there are cross-over points prior to 50 years breast-height as well. How-
ever, these occur only in the highest site qualities (SI32, SI28 and SI24). Similar 
to the cross-over points in the latter part of the curves, the age at which this 
occurs varies increasingly with decreasing site quality. The resultant conse-
quence of these differences is an over-estimation of SI in young stands. 
One reason for the differences between the Power model and the Thrower 
et al. (1994) model is the fact that the current and past models utilized differ-
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ing data sets. Thrower et al. (1994)'s curves were developed solely from stem 
analysis throughout the interior of BC and did not include the PSP data used 
in this research. Given that the existing models use SA methods, the differ-
ences evident between them and the combined model forms (Figures 6.3 and 
6.4) are largely attributed to the inclusion of the PSP data, thereby lending 
support to the hidden effects of dominance exchange and other acknowledged 
sources of error from using SA methods solely for site-index curve generation. 
A further, perhaps more important reason that has been supported in both 
Hu and Garcia (2010) and Garcia (2005) is the fact that the provincial model 
has a slope of 0 at breast-height, which is biologically inconsistent with the 
data. The Power model does not have this characteristic with the breast-
height slope varying by site-quality. 
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6.4 Considering Environmental Change 
Incorporating or forecasting the influence of climate change on site produc-
tivity determination is beyond the scope of this research. Yet, as pointed out 
in Kahle et al. (2008), there is little doubt that changes in environment will 
result in changes to site productivity; although there is no consensus on the 
direction and likely magnitude of these productivity changes. 
The effects of environmental change are at odds with the traditional def-
inition of site index (Bontemps et al. 2009). Site index is underpinned by 
the presumption that the factors that constitute productivity are assumed 
to be constant. The site-dependent parameter used here, however, can in 
principle be made a function of time, representing the effects of a changing 
environment. Thus, our state-space approach has been identified as being 
"capable of reflecting the effects of changing conditions on natural as well as 
management-driven forest dynamics, at least within the historical range of 
variability "(Fontes et al. 2010). As these changes are documented (i.e. plots 
are remeasured) the model can incorporate the empirical effects of environ-
mental change (Fontes et al. 2010). 
Furthermore, the model can and should be interfaced to any process 
based or hybrid models developed to simulate environmental change, of which 
Figure 6.5 is an example. This 'coupling' of empirical growth models and 
productivity-environment models was suggested by Fontes et al. (2010, p. 12) 
as "a cost-effective and accurate alternative approach for the prediction of 
timber production in the context of environmental change." Altering the cur-
rent site index model to accommodate environmental change, however, is not 
a desirable option at the moment due to the considerable uncertainty in the 
magnitude and direction of these changes. 
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Chapter 7 
Conclusions 
The ability to successfully model top height growth in the pine dominated 
stands of the SBS zone in interior British Columbia using a stochastic dif-
ferential equation based methodology has significantly augmented the tools 
available for stand level projection. My ability to do this using both the repeat-
edly remeasured PSPs and detailed individual sampling of individual trees 
using SA has resulted in a rigorous set of site index curves that exploit the 
benefits of both sampling methodologies and the Bertalanfy/Richards equa-
tion. The resultant curves and model should be used for further stand and 
forest estate and timber supply review purposes within the SBS zone. 
The suitability of a stochastic formulation of the Bertalanfy/Richards equa-
tion to model height growth was supported. Once again, it provided reliable 
and realistic fits for all different model formulations, stand origins and data 
combinations. A single formulation proved to be superior for PL in the SBS 
zone of interior BC. 
The effects of environmental change on site index are undeniable. There 
is also a great deal of uncertainty associated with both the magnitude and 
direction of these effects. It is for this reason that, until the magnitude and 
direction are better quantified with respect to site productivity and tree height 
growth, the observed historical trends seem a reasonable guess. Once the 
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magnitude and direction of stand level environmental change are better un-
derstood, a proposed method for its incorporation into forest estate modelling 
would vary the site-specific (local) parameter over time. 
The EasySDE program provided a simple to use interface for examining 
the different model types (except the combined model where some internal 
coding modification was required). Where troubles were encountered, these 
were largely a result of a lack of usable plot data and younger observations. 
Which, in the case of some of the natural and many of the planted PSPs had 
only two measurement points. 
There is no statistical justification (difference) for separate planted and 
natural models in terms of curve shape. l In fact there is compelling evidence 
for continuing to use a mixed origin height-growth/site index model for man-
agement of interior lodgepole pine. 
Of the four model forms tested, the clear top performer was the Power 
model, a close second place performer was the Linear formulation and the 
a-local model outperformed the b-local model on all but one occasion as the 
third placed formulation. The b-local model continuously resulted in a less 
than suitable fit, except for the largely inconclusive planted-only parameteri-
zations. 
Given the height-age trajectory similarities between the PSP and SA after 
the removal of the suspect SA data and the seemingly complementary differ-
ence inherent to each sampling method, it appears that by combining the two 
data sets, a much more rigorous model for all model forms and combination 
methods resulted. This is further reinforced by the inclusion of the planted 
PSP and SA data , as much of the young stand growth that is not captured in 
conventional PSPs was made available by their incorporation. The inclusion 
of the SA data further added a temporal resolution that was not present in 
'It would be interesting in further studies to evaluate this lack of differences once the 
planted stands of the SBS have aged sufficiently to justify conclusive model fits. 
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the PSP data, most notably in the height development of young stands as a 
result of greater temporal precision. It appears that the combination of these 
two data sets was complimentary as the drawbacks of one was offset by the 
strengths of the other. 
The SA and PSP data are fundamentally different in sampling methods 
and error structures yet seemingly complementary in their differences in er-
ror structure. By combining them in a fashion that accommodated these 
differences, a more accurate set of site index curves was produced compared 
to those produced using the pooled or SA/PSP data only. This was best evi-
denced by the differences between the pooled and combined models, where a 
difference of 198 log-likelihood units was statistically significant. 
There is no statistically significant support for separate planted and nat-
ural models. However, with sufficient height development of BCs planted PL 
stands, this prospect could be revisited, as this inability to settle on a given 
model is likely due to lack of difference, above breast-height, in height devel-
opment by stand origin or there being a lack of older planted stand data that 
would substantiate any potential difference. 
The product of my research is a height-growth/site index model. In com-
bination with other modeling tools, it better enables private and public for-
est managers to evaluate the projected height development of the numer-
ous planted and natural interior lodgepole pine stands that occur throughout 
their management areas within SBS zone of interior BC. 
The differences observed between the current provincial site index curves 
and the final model from this research provides some indication that the mod-
elling methods and inclusion of the PSP data in site index determination will 
affect forest management. The faster early height development found in this 
research, as compared to the current provincial curves, indicate better juve-
nile height development for the same site index and stand age. The conse-
quent overestimation of SI by the previous model will have effects on juve-
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nile stand management. The differences observed in the region of the curves 
beyond the reference age are opposite to the those noted in juvenile devel-
opment, where the current curves predict lower site-indices than the model 
developed from this research. The effect will be present when incorporated 
into any timber supply analysis or forest estate planning. It is for this reason 
that the site index curves, as developed in this research, should be used for 
the management of PL within the SBS zone. 
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